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1 
General Introduction 
 
The polyploidy or whole genome duplication is prevalent throughout the whole 
of eukaryotes tree, including plant, animal and fungi, and plays an important role in their 
diversification and evolution (Otto and Whitton, 2000; Soltis and Soltis, 2009). It is 
especially important process in plant kingdom. Most of the lineages throughout all vascular 
plant including gymnosperms and angiosperms, experienced one or more ancient 
polyploidization events (Jiao et al., 2011; Li et al., 2015; Clark et al., 2016), and it was 
estimated that polyploidization was involved with 15% of speciation in angiosperm and 
31% of fern (Wood et al., 2009). Although evolutionary significance of polyploidy has 
been widely recognized, its evolutionary consequence remains poorly resolved (Otto, 2007; 
Soltis et al., 2010, 2014). Especially, because the number of recently formed polyploid 
lineages apparently outnumbers that of the lineages that are successful and established in 
the long term, most of newly formed polyploid lineages are thought to be evolutionary dead 
ends (Arrigo and Barker, 2012). Thus, further understanding of how newly formed 
polyploid will establish as species is needed for solving evolutionary consequence of 
polyploidy. Because chromosome doubling directly perform as post-zygotic barrier against 
its parental species, polyploid speciation has been believed to be an example of 
non-ecological and sympatric speciation (Coyne and Orr, 2004). However, recent studies 
(Sobel et al., 2010; Arrigo and Barker, 2012; Parisod and Broennimann, 2016; Van de Peer 
et al., 2017) suggested that polyploid speciation involves not only chromosome doubling 
that cause instantaneous postzygotic isolation between polyploid and its parental taxa, but 
also ecological and genetic/genomic factors. Persistence of newly formed polyploid might 
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requires a development of pre-zygotic barrier against its parental species, which facilitates 
transition to self-compatibility and niche differentiation, to avoid minority cytotype 
disadvantage (Levin, 1975) . 
One of the unsolved problems is evolutionary consequence of recurrent origins. 
In a traditional view, each polyploid species had been considered to have single origin, 
because polyploidization was regarded as rare event (Stebbins, 1971). Therefore, Stebbins 
who developed central tenets of polyploid evolutionary thinking in 20th century viewed 
polyploid species as genetically depauperate with limited evolutionary potential. (Stebbins, 
1947, 1950, 1971). However, by the advent of molecular approaches, it was revealed that 
polyploid species show substantial genetic variation that would be introduced through 
recurrent polyploidization events (Soltis et al., 1993; Soltis and Soltis, 1999). Also in the 
case of allopolyploidy which has two or more divergent genome via interspecific 
hybridization, many studies reported multiple origins of polyploid species: Tragopogon 
mirus and T. miscellus (Soltis and Soltis, 1989; Symonds et al., 2010), Arabidopsis 
kamchatica (Fisch. ex DC.) K. Shimizu & Kudoh (Shimizu-Inatsugi et al., 2009), Aegilops 
L. (Meimberg et al., 2009), Asplenium gracillimum and A. hookerianum (Perrie et al., 
2010), Asplenium majoricum Litard. (Hunt et al., 2011), and Polypodium hesperium Maxon 
(Sigel et al., 2014 ). Multiple origins contribute to the increase of genetic diversity within 
polyploid species, and the introduced genetic diversity has been considered to facilitate 
ecological adaptation under a new genetic/genomic background, and to contribute to 
evolutionary success of polyploid species (Meimberg et al., 2009). For two decades, 
however, it remains an open question whether populations of independent origins have 
different evolutionary potentials, ultimately forming cryptic species, or interbreed each 
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other (Soltis and Soltis, 2000, 2009; Soltis et al., 2014). In fact, a few studies indicated no 
or limited gene flow among populations of independent origins (Perrie et al., 2010; 
Symonds et al.,2010). For example, Perrie et al. (2010) conducted population genetic 
analysis with AFLP method for allooctoploid Asplenium ferns in New Zealand. They found 
that allopolyploid populations of independent origins remained genetically distinct even 
with extensive sympatry. They called the phenomenon as “Parallel polyploid speciation”. 
However, whether this process is widespread among allopolyploid populations with 
multiple origins remains unexplored.  
Homosporous fern is suitable system for understanding polyploid speciation, 
because they show high frequency of polyploid speciation among vascular plants (Wood et 
al., 2009). This may be partly due to the inherent characteristics of homosporous plant life 
cycle. In homosporous ferns, a polyploid sporophyte can be produced in a single step 
through selfing within a hermaphrodite gametophyte from an unreduced spore that is 
produced by sterile hybrids (Wagner and Whitmire, 1957). Additionally, allozyme analyses 
revealed that congeneric fern species would be characterized by lower interspecific genertic 
identities (namely, higher interspecific genetic distances) than seed plants (Haufler, 1987). 
The genetic distinctness between fern species seems to facilitate the reconstruction of 
reticulate evolution processes involving polyploidization. 
The aim of this dissertation is elucidating whether the process in which 
polyploid populations of independent origins develop reproductive isolation from each 
other and finally become different cryptic species is pervasive in ferns or not. For this aim, 
researches on this process across multiple polyploid species are needed. Therefore, I 
attempt to detect cryptic species in two homosporous polyploid fern species: Asplenium 
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normale D. Don (Aspleniaceae) and Lepisorus thunbergianus (Kaulf.) Ching. Cryptic 
species are defined as being poorly differentiated morphologically, representing distinct 
evolutionary lineages due to reproductive isolation, and historically misinterpreted as 
members of a single species (Paris et al., 1989). Cryptic species include species of which 
morphological differences are not well developed due to their very recent origins, and 
would be potential sources for detecting examples of parallel polyploid speciation. 
In Chapter I, I examines whether allotetraploid fern, Asplenium normale D. 
Don harbor multiple cryptic species with different flavonoid compositions using 
chemotaxonomic and multi-locus genotyping approaches and identify the origins of cryptic 
species based on phylogenetic analyses. The multi-locus genotypes for one plastid region 
and three nuclear genes are determined to delimit reproductive isolated lineages by 
population genetic analysis. Subsequently, the correspondence between genetically 
recognized groups and flavonoid compositions are tested. The result indicates genetic 
clusters and flavonoid compositions show clear correspondence. As a result, three putative 
cryptic species are recognized in tetraploid cytotype of A. normale in Japan. Phylogenetic 
analyses reveal that cryptic species I and III originated from allopolyploidization between a 
diploid of A. normale and an ancestral diploid of A. boreale, while cryptic species II 
originated from allopolyploidization between a diploid of A. normale and A. oligophlebium. 
The two cryptic species, cryptic species I and III, that have the same parent pairs, have 
originated from indenpendent allopolyploidization. 
 In Chapter II, for figuring out candidate group for parallel polyploid speciation, 
I elucidate the reticulate evolution in the Japanese Lepisorus thunbergianus complex. The 
Japanese L. thunbergianus complex contains diploid and tetraploid cytotypes of L. 
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5 
thunbergianus, and a hexaploid species, L. mikawanus. Moleculer phylogenetic analyses 
are perfomed against this complex to delimit species and to elucidate evolutionary origins 
of tetraploid and hexaploid species. Chroloplast DNA (cpDNA) tree supports the 
monophyly of diploid and tetraploid of L. thunbergianus, and hexaploid L. mikawanus. In a 
single-copy nuclear gene (PgiC) tree, tetraploids of L. thunbergianus could be classified 
into two variants. One variant is an allotetraploid of hybrid origin between diploid L. 
thunbergianus and Japanese L. angustus. Other variant is an allotetraploid of hybrid origin 
between diploid L. thunbergianus and the ancestral diploid race of L. tosaensis. These 
variants can be morphologically distinguished from each other and also from their parent 
species. Thus the two variants are described as new species, L. nigripes and L. kuratae, 
respectively. Hexaploid species, L. mikawanus have three alleles in PgiC, each of which is 
derived from diploid L. thunbergianus, L. tosaensis and Japanese L. angustus. Based on the 
cpDNA and PgiC trees, I conclude that L. mikawanus is an allohexaploid that originated 
through hybridization between one variant of tetraploid L. thunbergianus (= L. nigripes) 
and the ancestral diploid race of L. tosaensis.  
In Chapter III, geographic population genetic structure is revealed for 
allotetraplooid Lepisorus nigripes. It is shown that the species include two genetically 
distinct lineages (East and West types) that seem to have originated through independent 
polyploidization events and to be at incipient stage of speciation. As shown in chapter II, L. 
nigripes is widely distributed throughout Japanese archipelago and recurrently originated 
from hybridization between L. thunbergianus and L. angustus. I employ population genetic 
approaches using three single-copy nuclear genes and a cpDNA gene and find two 
geographically and genetically distinct lineages. ‘East type’ was distributed mainly in north 
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and central Honshu, while ‘West type’ in western Honshu, Shikoku and Kyushu. The 
east-west genetic differentiation in the Japanese archipelago was commonly reported in 
temperate forest tree species, but a new observation for ferns. Referring to the discussion 
on the phylogeographic patterns in tree species, I suggest that L. nigripes recurrently 
originated from independent polyploidization in eastern and western refugia at Last glacial 
maximum. Phylogenetic analysis supports the independent origins of East and West types 
and detects additional independent origins within each of types. Our data also revealed a 
highly limited genetic recombination between East and West types in spite of their frequent 
co-existence and F1 hybrids between East and West types show the reduction of fertilities, 
suggesting a certain level of intrinsic postzygotic isolation between both types. 
In this dissertation, cryptic species were surveyed for two homosporous 
polyploid fern specie: Asplenium normale and Lepisorus nigripes. In both systems, some 
allopolyploid lineages having the same parental species pair but formed through 
independent polyploidization events were found to be reproductively isolated. This 
supports the idea that parallel polyploid speciation would be pervasive in allopolyploid 
ferns.  
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CHAPTER I 
Allotetraploid cryptic species in Asplenium normale in the Japanese 
Archipelago, detected by chemotaxonomical and multi-locus genotype 
approaches 
[The content of this chapter has been published in Fujiwara et al 2017] 
Introduction 
Cryptic species are defined as being poorly differentiated morphologically, 
representing distinct evolutionary lineages due to reproductive isolation, and being 
historically misinterpreted as members of a single species (Paris et al., 1989). The existence 
of cryptic species presents an obstacle to understanding biodiversity (Bickford et al., 2007). 
Moreover, as some cryptic species are at the incipient stage of speciation such that 
diagnosable morphological features have not yet evolved, they provide opportunities to 
elucidate the mechanism of reproductive isolation at this stage (Yatabe et al., 2009; 
Gustafsson et al., 2014).  
With the increasing availability of DNA sequences, research on cryptic species 
has increased exponentially over the past two decades (Bickford et al., 2007). Although 
reports on homosporous ferns are less frequent, cryptic species have been recognized in 
many of the following taxonomic groups: the Adiantum pedatum complex (Paris and 
Windham, 1988; Lu et al., 2011), the Polypodium vulgare complex (Haufler and Windham, 
1991; Haufler et al., 1995), the Cystopteris fragilis complex (Haufler and Windham, 1991; 
Rothfels et al., 2014), Ceratopteris thalictroides (Watano and Masuyama, 1994; Masuyama 
et al., 2002), Sphenomeris chinensis (Lin et al., 1996), Athyrium obitescens (Kurihara et al., 
1996), Botrychium subgenus Botrychium (Hauk and Haufler, 1999; Dauphin et al., 2014), 
the Asplenium nidus complex (Yatabe et al., 2001), and the Vandenboschia radicans 
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complex (Ebihara et al., 2005).  
Although the above list is not comprehensive, it should be noted that all 
examples, except for the A. nidus complex, include cryptic species that originated through 
allopolyploidization. It is possible that the cryptic species of the A. nidus complex were 
diverged from tetraploid ancestral species (Yatabe et al., 2001; Dong, 2011). The 
association between cryptic species and allopolyploidization may be partly due to the 
relative ease of polyploidization in homosporous ferns. Owing to the inherent 
characteristics of homosporous plants, a polyploid sporophyte can be produced in a single 
step through selfing within a hermaphrodite gametophyte from an unreduced spore that is 
produced by sterile hybrids (Wagner and Whitmire, 1957). This contrasts with 
heterosporous plants, including seed plants, in which at least two polyploidization events 
are required in both mega- and micro-gametophytes (Haufler, 2002). In fact, Wood et al. 
(2009) estimated the frequency of polyploid speciation in vascular plants, and found that 
speciation events accompanied by ploidy increase were more frequent in ferns (31%) than 
in seed plants (15%). Although there are some exceptions, in the case of allopolyploid 
speciation, interspecific hybridization produces morphological intermediates between 
parent species. If two different allopolyploids share a parental species, the morphological 
boundary between the two allopolyploids would be obscure due to the existence of the 
common ancestral species. In addition to the case involving more than two parental taxa, 
recurrent origins of allopolyploids introduce genetic variation into the newly formed 
polyploids, which may lead to subsequent evolution of reproductive isolation among 
allopolyploid lineages (Symonds et al., 2010). An option is therefore to focus on 
phenotypically variable polyploid taxa as promising sources of cryptic species also in ferns.  
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Asplenium normale D. Don is in the ‘black-stemmed’ rock spleenworts group 
(Schneider et al., 2005) and is widely distributed throughout East and Southeast Asia, India, 
Africa and Hawaii. Two cytotypes, diploid (2n=72) and tetraploid (2n=144), have been 
reported (Matsumoto and Nakaike, 1988; Weng and Qiu, 1988; Wang, 1989), although 
only tetraploids are distributed in Japan (Iwashina and Mastumoto, 1994).  
Asplenium normale forms the Asplenium normale complex together with two 
tetraploid species: A. boreale (Ohwi ex Sa. Kurata) Nakaike and A. shimurae (H. Ito) 
Nakaike, and a diploid species: A. oligophlebium Baker, in Japan (Matsumoto et al., 2003). 
Asplenium normale plants in Japan were formerly treated as one species with three varieties 
(Kurata, 1963; Ito, 1972). This was mainly based on the conditions of frond buds: A. 
normale var. normale (bud(s) at the apex of frond), var. boreale (no bud), and var. 
shimurae (buds at the apex and other parts of the rachis). Later, these three varieties were 
ranked as separate species, i.e., A. normale, A. boreale and A. shimurae (Nakaike, 1992). 
Subsequent chemotaxonomical studies (Iwashina and Matsumoto, 1994) revealed that A. 
boreale and A. shimurae could be distinguished from A. normale based on their unique 
flavonoid compositions. Additionally, Matsumoto et al. (2003) identified natural hybrids 
among these by using flavonoid markers, and confirmed that the hybrids were sterile, 
which suggests that A. normale, A. boreale and A. shimurae are good biological species. 
Recent molecular phylogenetic analyses using both cpDNA and the nuclear PgiC gene 
(Chang et al., 2013) also support the species status of the three taxa. Chang et al. (2013) 
also showed that recurrent reticulation events occurred among diploid members of this 
species complex, and that the tetraploid A. normale collected in Japan was an allotetraploid 
between the diploid A. normale found in China and Southeast Asia, and undetected diploid 
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of A. boreale. Besides, it was suggested that A. boreale was an autotetraploid and A. 
shimurae was allotetraploid between the undetected diploid of A. shimurae and the diploid 
A. normale found in China and Southeast Asia in their study. 
The A. normale complex in Japan shows high flavonoid variation (Iwashina et al., 1990, 
1993; Iwashina and Matsumoto, 1994; Matsumoto et al., 2003; Fujiwara et al., 2014). 
Tetraploid A. boreale and A. shimurae, and diploid A. oligophlebium have no intraspecific 
variation in flavonoid composition. In contrast, tetraploid A. normale plants can be divided 
into eight chemotypes, of which one has the same flavonoid composition as A. 
oligophlebium A. oligophlebium (Iwashina and Matsumoto, 1994; Fujiwara et al., 2014). 
Extensive intraspecific flavonoid variation may imply that Japanese A. normale still 
harbors multiple cryptic species with different flavonoid compositions. To test this working 
hypothesis, we first employed population-genetic approaches using the multi-locus 
genotypes (MLGs) of three nuclear genes and cpDNA to tentatively delimit reproductively 
isolated groups. Then, we tested the association between the groups based on the MLGs 
and flavonoid composition patterns to identify cryptic species. We then conducted 
phylogenetic analyses of the DNA markers to identify ancestral diploid lineages of cryptic 
species. 
Materials And Methods 
Sampling of plant materials  A total of 230 samples of Asplenium normale were 
collected from 37 populations throughout its known distribution range in Japan (Table 1). 
The A. normale chemotypes from Japan, reported by Iwashina and Matsumoto (1994), 
were all tetraploids. In order to attain diploid samples of A. normale, we also collected five 
samples from four populations in Taiwan, in which a diploid cytotype is reported (Lin and 
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Viane, 2012). Interspecific hybrids between A. normale and the related species A. boreale, 
A. shimurae, and A. oligophlebium were found to grow occasionally with A. normale 
(Matsumoto et al., 2003). These hybrids were removed from the list of samples, based on 
identification of their irregular spores and on genotypes expected in hybrids. To 
phylogenetically analyze the A. normale complex, we also determined the DNA sequences 
of two samples of A. boreale, one of A. shimurae, three of A. oligophlebium var. 
oligophlebium, one of A. oligophlebium var. iezimaense Tagawa, and one of A. 
trichomanes L. as an outgroup taxon. Voucher information and EMBL/GenBank/DDBJ 
accession numbers are provided in Appendix S1 and S2 (see Supplemental Data with the 
online version of this article), respectively. 
Ploidy determination  Spore size can often be employed to estimate ploidy levels 
among closely related species in ferns (Barrington et al., 1986; Huang et al., 2006; Dyer et 
al., 2012). Chang et al. (2013) determined ploidy levels in the A. normale complex using 
this method, and found that two spore size groups with mean spore sizes of 27–32 µm and 
34–39 µm correspond to diploids and tetraploids, respectively. Based on these findings, we 
examined the spores of one or more individuals from each of the populations with a Nikon 
LABOPHOT microscope (Nikon, Tokyo, Japan) to infer ploidy levels. Several mature 
sporangia were picked from each specimen and mounted on a microscope slide with 
glycerol. The length (distance between the extreme points of a central longitudinal section) 
was measured for 15–20 randomly selected mature spores that released from the 
sporangia. The size difference between groups that correspond to diploid and tetraploid, 
respectively, was tested using Welch’s t-test.  
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To confirm the ploidy inferences based on spore size measurements, flow 
cytometry with propidiumiodide (PI) was conducted to determine nuclear DNA contents 
(1C-values) for a few representative samples for which fresh leaves were available. The 
fresh pinnae of a leaf were co-chopped with a razor blade in 1.2 mL chopping buffer (1.0% 
(v/v) Triton X-100, 140 mM 2-mercaptoethanol, 50 mM NaHSO3, 50 mM Tris-HCl (pH 
7.5) and 25 µg/ml PI). Following the addition of 0.6 mL chopping buffer, the mixture was 
filtered through a 30 µm nylon mesh. The extract was centrifuged for 2 min at 4,000×g. 
After removal of the supernatant, 0.5 ml of chopping buffer was added. The fluorescence 
intensities of the samples were analyzed on a Cell Lab Quanta SC (Beckman Coulter, 
Tokyo, Japan). Petroselinum crispum L. (2C=4.5 pg) was used as the internal standard 
(Obermayer et al., 2002). 
Molecular analysis   Total genomic DNA was extracted from the silica gel-dried 
samples using the CTAB method (Doyle and Doyle, 1987). For the chloroplast DNA 
(cpDNA) marker, an rps4-trnS intergenic spacer (hereafter rps4-trnS) was amplified using 
primers of rps4_PTER_F (5’-CTCGCTACCGAGGACCTCG-3’) and trnS_PTER_R2 
(5’- AGCTACCGAGGGTTCAAATC -3’) that were newly developed in this study based 
on the sequence of Pteridium aquilinum L. (accession number, NC014348), using Primer3 
(Untergasser et al. 2012). PCR thermocycling conditions for rps4-trnS involved initial 
denaturation at 94°C for 3 min, followed by 35 cycles at 94°C for 45 sec, 56°C for 45 sec, 
72°C for 90 sec, and final extension at 72°C for 7 min. For the nuclear DNA markers, three 
low- or single-copy nuclear loci, LFY homologous gene, PgiC (cytosolic phosphoglucose 
isomerase) gene, and NIA (nitrate reductase) gene, were amplified. A partial sequence of 
the LFY gene homologue, including the second intron, was amplified using the same PCR 
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primers used by Shepherd et al. (2008) for Asplenium (LeafyF and LeafyR). In the present 
study, we employed an allele screening strategy using single-strand conformation 
polymorphism (SSCP) analysis (Ebihara et al., 2005; Jaruwattanaphan et al., 2013). 
Although the lengths of the PCR product with the LeafyF and LeafyR primers (about 380 
bp) are suitable for SSCP analyses, the phylogenetic tree of this amplified DNA region had 
relatively low resolution. To improve the phylogenetic resolution, we used a new primer set 
to amplify a longer region that included the entire region of LeafyF and LeafyR to construct 
the phylogenetic tree. The new primers: Leafy_Asp_217F 
(5’-AACATGATGGAGCAAG-3’) and Leafy_Asp_1571R 
(5’-GCTGGCACCTTTCAGT-3’), were designed based on the sequence of 
scaffold-KJZG-2004358-Asplenium_platyneuron, which was obtained by a BLASTn 
search of the 1KP project database using the Matteuccia struthiopteris LFY homologue 
sequence (Frohlich et al., 2012) as a query (https://sites.google.com/a/ualberta.ca/onekp/). 
For the PgiC gene, we designed new primers, 
PgiC_Asp_15F (5’- CTTGCTCCACATATACAACA-3’) and 
Normale_PgiC_16R (5’- CCATACTAAGCTGCAAAAAGCA-3’), based on the sequence 
of Asplenium normale (JX475183) presented in Schneider et al. (2013) to amplify intron 15 
of the PgiC gene. For the NIA gene, new primers, 
NIA_poly_618F (5’- ATCTCTTCCCCAGCACATGA-3’) and 
NIA_poly_961R (5’- CTTGGCTTGGATAAGCTCCA-3’), were developed based on the 
sequence of scaffold-YLJA-2012809-Polypodium_amorphum in the 1KP Project database, 
obtained from a BLASTn search of nitrate reductase 1 gene in Arabidopsis thaliana 
(AT1G77760.1). PCR thermocycling conditions involved initial denaturation at 94°C for 3 
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min, followed by 35 cycles at 94°C for 45 sec, 56°C for 45 sec (rps4-trnS) or 55°C for 45 
sec (LFY, PgiC, NIA), 72°C for 90 sec, and a final extension at 72°C for 7 min. 
The PCR-SSCP was conducted to infer genotypes at the nuclear loci for each 
individual and to determine the sequences of different alleles separated on SSCP gel, 
generally following the methods of Watano et al. (2004) and Jaruwattanaphan et al. 
(2013). A mixture of 0.5 µL PCR sample and 4.5 µL formamide dye solution (90% 
formamide, 0.005% bromophenol blue, and 8% glycerol) was denatured for 3 min at 95°C 
and then loaded on a non-denatured 0.5× Mutation Detection Enhancement gel (Takara, 
Tokyo, Japan). The samples were run with an AE-6290 electrophoretic apparatus (Atto, 
Tokyo, Japan) with 0.5× TBE (50 mM Tris, 41.5 mM boric acid, and 0.5 mM EDTA-2Na) 
gel buffer and 0.5× TBE running buffer under the following two electrophoretic conditions: 
LFY, gel of 7% glycerol at 20°C and 350 V for 12 h; and PgiC and NIA, gel of 2% glycerol 
at 18°C and 350V for 16 h. The DNA bands were visualized using the silver staining 
method of Bassam et al. (1991) with slight modifications: 40 mM EDTA-2Na solution was 
used for the stop reaction, and a 30% ethanol and 5% glycerol solution was used for 
preservation.  
We determined the nucleotide sequences of all of the DNA bands separated on 
the gel for each PCR-SSCP band pattern, following the method of Jaruwattanaphan et al. 
(2013). Sequencing was conducted for multiple samples representing different locations, 
even for samples showing the same banding pattern. When direct sequencing of the DNA 
extracted from a band separated on SSCP gel was unsuccessful, possibly due to 
non-separation of different alleles, the DNA was cloned with a TOPO TA cloning Kit for 
Sequencing (Invitrogen, Carlsbad, California, USA) following the manufacturer's protocols. 
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About 10 colonies per band were picked from the plates and used as PCR templates using 
the M13 forward and reverse primers included in the kit.  
For DNA sequencing, the PCR products were purified using Illustra ExoStar 
1-Step (GE Healthcare, Chicago, Illinois, USA) and used as templates for direct 
sequencing. Cycle sequencing was conducted with a BigDye Terminator version 3.1 cycle 
sequencing kit (Applied Biosystems, Foster City, California, USA). The sequence products 
were analyzed by an ABI3500 genetic analyzer (Applied Biosystems) and also partly by 
Eurofins Genomics (Tokyo, Japan). The resulting nucleotide sequences were deposited into 
the International Nucleotide Sequence Databases (INSD) with the following accession 
numbers: LC225622 to LC225636 for rps4-trnS, LC227804 to LC227832 for LFY, 
LC227833 to LC227855 for PgiC, and LC227856 to LC227876 for NIA (Appendix S2).  
 
Sequence alignment and phylogenetic analyses  For chloroplast gene phylogeny, 10 
sequences of A. normale and nine of closely related Asplenium and Diellia species from 
INSD, which were described in Chang et al. (2013), Dyer et al. (2012), and Schneider et al. 
(2005), were added to our original dataset (Appendix S2). DNA sequences were aligned in 
Bioedit (Hall, 1999) using the ClustalW algorithm (Thompson et al., 1994) and followed by 
manual editing. Indels, generated by insertion or deletion events, were coded as binary data 
using the "simple index coding” method of Simmons and Ochoterena (2000) with 
the IndelCoder option for SeqState 1.4.1 (Müller, 2005). Binarized characters were added 
to the alignments and corresponding sites with gaps were excluded as missing data.  
Only one sequence for each haplotype or allele was included in each dataset. 
For phylogenetic analysis, each dataset was separately analyzed using the 
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maximum likelihood (ML) method in Garli 2.01 (Zwickl, 2006) and Bayesian inference 
(BI) in Mrbayes v 3.1.2 (Ronquist et al., 2012). The best-fitting substitution model for each 
DNA region was determined using Akaike’s Information Criterion (AIC; Akaike, 1974) in 
jModelTest (Posada, 2008). For binary-coded data, the Mkv model (Lewis, 2001) was 
applied. In the ML analysis, eight independent runs were performed with starting trees of 
random topologies and the ‘genthreshfortopoterm’ (number of generations without 
topology improvement required for termination) set to 100 000. Bootstrap support values 
were assessed using 1000 bootstrap pseudo-replicate data sets, and the consensus tree of the 
bootstrap replicates was obtained using SumTrees (Sukumaran and Holder, 2010). In the 
Bayesian inference, four MCMC chains were run for 3 000 000 generations with samples 
taken every 100 generations. To evaluate convergence, Tracer 1.6 (Rambaut and 
Drummond, 2013) was used. The first 500 000 generations were discarded as burn-in.  
 
Multi-locus genotyping and population genetic analyses  In order to distinguish 
homeologous loci (a pair of loci derived from two parental genomes) in allotetraploid A. 
normale individual, we compared tetraploid sequences with alleles of the diploid A. 
normale plants in the phylogenetic tree. The sequence that was more closely related to the 
diploid A. normale alleles was considered to be coded at the locus of “NORMALE” 
genome. The loci of “NORMALE” genome and the other genome were labeled with the 
suffix “N” (abbreviation of NORMALE) and “O” (abbreviation of other), respectively. 
Finally, genotypes at each of six nuclear loci were combined into a multi-locus genotype 
(MLG) in the following order: LFYN / LFYO /PgiCN / PgiCO / NIAN / NIAO.  
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  Limited or no hybridization between cryptic species with different MLGs can 
cause significant linkage disequilibrium (LD) among loci. To detect the presence of cryptic 
species in tetraploid A. normale, therefore, we used the composite measure of LD between 
alleles of different loci (ΔAB), which is applicable to non-random mating populations (Weir, 
1996). ΔAB is dependent on allele frequencies and cannot be compared between different 
locus pairs or populations. In order to normalize the measure, we manually calculated the 
correlation coefficient (RAB) based on ΔAB and its related parameters, using the formulas 
given by Weir (1996). The significance of the correlation coefficient was tested with a 
chi-square test, calculated by multiplying the square of RAB by the number of individuals 
(Weir, 1996). 
To infer population structure based on the six nuclear loci and cpDNA, we 
performed Bayesian clustering using STRUCTURE 2.1 (Pritchard et al., 2000). We used 
the admixture model with correlated allele frequencies. The model was run with the likely 
number of clusters (K) set to values from 1 to 10, using a burn-in of 300 000 Markov Chain 
Monte Carlo (MCMC) iterations followed by 600 000 MCMC iterations. The data of 25 
independent runs were analyzed to determine the optimal K using STRUCTURE 
HARVESTER (Earl and vonHoldt, 2012) and the method of Evanno et al. (2005). Cluster 
assignments were executed using CLUMPP (Jakobsson and Rosenberg, 2007) and the 
results were visualized using DISTRUCT (Rosenberg, 2004). It has been suggested that 
polyploid homosporous ferns tend to have higher levels of selfing than diploids (Masuyama 
and Watano, 1990; Sessa et al., 2016). In fact, genotyping in the present study revealed that 
most individuals were homozygous across all six of the nuclear loci examined. As the 
putative high selfing rates violate the assumption of the Hardy–Weinberg equilibrium 
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within a population in the STRUCTURE analysis, the input data were treated as haploid 
data and individuals with heterozygous loci (four individuals in total) were removed. This 
treatment is commonly employed for predominantly selfing species (Beck et al., 2008; 
Shimizu-Inatsugi, Lihová, et al., 2009; Higashi et al., 2012). 
 
Chemotaxonomical analyses  To compare flavonoid compositions among MLGs, we 
used multivariate statistics based on flavonoid peaks detected in high performance liquid 
chromatography (HPLC). About 85% of the samples with major MLGs (177/206) were 
used in this analysis. 10 mg of dried fronds was extracted with 1 mL MeOH at room 
temperature for at least 12 h. The extracts were filtrated through a 0.5 µm mesh filter, 
Myshoridisk H-13-5 (Tosoh Corporation, Tokyo, Japan). The HPLC survey was performed 
with a Shimadzu HPLC system using an L-column2 ODS column (I.D. 6.0×150 mm) at a 
flow-rate of 1.0 mL/min and a detection wave length of 350 nm. The volumes of 10 µL 
from each of samples were injected into an HPLC system. The eluent was 
MeCN/H2O/H3PO4 (20:80:0.2) for pump A and MeCN/H2O/H3PO4 (40:60:0.2) for pump B. 
The gradient profile was 1.0 mL/min for 0–20 min for pump A, followed by a gradient of 
1.0–0.2 mL/min for pump A and 0–0.8 mL/min for pump B for 20–25 min, and finally 0.2 
mL/min for pump A and 0.8 mL/min for pump B for 25–40 min. The UV spectra of 
individual peaks on the chromatogram were recorded in the range of 250–400 nm. The 
flavonoid peaks reported in previous studies (Iwashina and Matsumoto, 1994; Matsumoto 
et al., 2003; Iwashina et al., 2008; Fujiwara et al., 2014) were identified by comparing the 
samples with retention times and UV spectral patterns of authentic samples. Other minor 
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flavonoid peaks were identified based on their retention times and the UV spectral patterns 
characteristic of flavonoids (Iwashina, 2013). 
We calculated the dissimilarities in flavonoid compositions between samples 
using the Bray-Curtis distance based on the relative HPLC peak area of each flavonoid in a 
sample by using the vegan package (Oksanen et al., 2015) of R 2.1.3.0 (R Development 
Core Team, 2013). Hierarchical cluster analysis was conducted using the unweighted 
pair-group method with arithmetic averages (UPGMA; Seath and Sokal, 1973) in the R 
cluster package (Maechler et al., 2016). We also analyzed the flavonoid compositions of 
samples with a non-metric multi-dimensional scaling (NMDS) clustering method 
implemented in the R MASS package (Ripley et al., 2015). We conducted an analysis of 
group similarities (ANOSIM; Clarke, 1993) to evaluate statistically if the groups identified 
in the hierarchical cluster analysis and NMDS differed significantly from one another by 
using the vegan package.  
 
Results 
Ploidy determination   The distribution of spore length (Fig. 1) indicated that 
individuals were separated into two groups of which spore sizes differed from each other 
(Welch’s t test: t = 39.20, df = 10.31, P < 0.05) : ranges of mean spore length values for the 
two groups were 27–28 µm and 33–41.5 µm, respectively. The ploidy analysis with flow 
cytometry was conducted on three or four samples from each group (samples with 
red-colored box in Fig. 1). The 1C-values of the samples with small spores were 9.8 pg/C 
(mean size: 28.2 µm), 10.5 pg/C (27.0 µm), and 10.5 pg/C (27.7 µm), and those with large 
spores were 18.8 pg/C (35.9µm), 18.9 pg/C (36.7 µm), 19.3 pg/C (37.7 µm), and 19.8 pg/C 
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(35.0 µm), indicating that the DNA amounts of the former group were about half of the 
later. Chang et al. (2013) was the first to measure spore sizes and C-values to discriminate 
diploids from tetraploids in the A. normale complex, and mostly obtained similar results. 
Their identified 1C-values were 9.1–9.8 pg for the small-spore group (27–32 µm) and 18.1–
18.4 pg for the large-spore group (34–39 µm). We designated the small-spore and 
large-spore groups as diploids and tetraploids, respectively, as was the case in Chang et al. 
(2013). According to this grouping, all of the Japanese A. normale individuals examined 
were identified as tetraploids, and three of four Taiwanese A. normale individuals were 
diploids. 
 
Multi-locus genotyping  For cpDNA, we detected only two haplotypes (haplotype A 
and B) that differed from each other in one of 971 sites determined in Japanese A. normale. 
Haplotype A was shared by most populations, whereas haplotype B was found in only two 
populations (populations 5 and 33, Appendix S1). As for nuclear DNA markers, all of the 
Japanese A. normale showed heterozygous SSCP banding patterns at all three nuclear genes, 
suggesting that they are allotetraploids and that each gene locus is duplicated. Accordingly, 
we considered six nuclear loci, i.e., two homeologous loci each for the three nuclear genes. 
Genetic polymorphism was observed at all six loci. The number of alleles at each locus 
ranged from two (LFYN, PgiCN, NIAN) to five (PgiCO). Combining genotypes at six loci 
yielded 23 MLGs in a total of 230 Japanese samples (Table 2).  
Eight of the 23 MLGs (MLG1–8) had high frequencies (more than five 
individuals) and/or unique alleles (MLG8). These eight MLGs accounted for about 90% of 
the individuals examined, thus we designated MLG1–8 as “major MLGs” (Table 2) and 
  
25
 
25


 
25 
predominantly used these for subsequent analyses. The geographical distribution of the 23 
MLGs is shown in Fig. 2. The major MLGs, except for MLG7, were found in two or more 
populations. MLG1 and MLG2 in particular had wider distributions compared with the 
other MLGs.  
We calculated the correlation coefficients (RAB) for all allele pairs observed in 
the major MLGs (Appendix S3). All major MLGs had significant positive correlations 
between alleles at three or more locus pairs among 15 possible combinations. When only 
individuals with the major MLGs (MLG1–8) were considered, perfect positive correlations 
(R = 1.00) were found for allelic pairs between LFYO, PgiCN and NIAO in MLG2, MLG6, 
and MLG8. This is because only the three of major MLGs had the same allele b, at each of 
LFYO, PgiCN, and NIAO. Perfect positive correlations were also observed between LFYN, 
PgiCO, and NIAO in MLG4. Among the major MLGs, MLG1 and MLG7 showed 
significant positive correlations at the most frequent locus pairs (9/15).  
We inferred population structure in Japanese A. normale using STRUCTURE, 
based on genetic data from six nuclear loci (LFYN, LFYO, PgiCN, PgiCO, NIAN, and 
NIAO) and cpDNA. The ΔK statistics (Evanno et al., 2005) suggested that three distinct 
genetic groups would be optimal (Fig. 3). The first cluster (genetic cluster 1) consisted of 
individuals from MLG1, MLG3, MLG5 and MLG7. The second cluster (genetic cluster 2) 
contained MLG2, MLG6 and MLG8. Individuals from MLG4 were separated from the 
other MLGs to form the third cluster (genetic cluster 3) (Fig. 3A). Some of the other minor 
MLGs were shown to be admixed genotypes; for example, MLG9 (population 25) was a 
mixture of genetic cluster 1 and genetic cluster 3, and MLG15 (population 20) of genetic 
cluster 1 and genetic cluster 2. 
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Flavonoid compositions   HPLC analysis was conducted for 177 individuals with the 
eight major MLGs. We detected 73 flavonoids that contained seven flavonoids that have 
been identified in previous studies (Iwashina et al., 1990; Matsumoto et al., 2003; Fujiwara 
et al., 2014) and 66 unidentified ones (Appendix S4). Results of the hierarchical clustering 
analysis and non-metric multi-dimensional scaling (NMDS) ordination plot are shown in 
Fig. 4. In the hierarchical clustering analysis, four clusters were identified with a height 
cut-off value = 0.7 (Fig. 4A). The difference between these clusters was supported by the 
high level of significance (ANOSIM: R = 0.996, P = 0.001). The clustering of the plots, 
visualized by NMDS (STRESS = 0.1015), was consistent with the results of the 
hierarchical clustering analysis (Fig. 4B). Both of the statistical analyses separated the 
flavonoid compositions of 183 individuals with major MLGs into four clusters. Each 
cluster contained different MLG(s), with a few exceptions. Flavonoid cluster 1 was 
composed of MLG1, MLG3, MLG5 and MLG7, cluster 2 of MLG6, flavonoid cluster 3 of 
MLG2, MLG8 and one exceptional individual of MLG6, and flavonoid cluster 4 of MLG4 
and one exceptional individual of MLG2.  
 
CpDNA tree  The alignment of the rps4-trnS intergenic region sequences resulted in 989 
positions including 13 gaps, and GTR+G was selected as best-fit model. The ML and BI 
analyses yielded the same topology. Three clades and four unique haplotypes: A. normale 
Jinping China JQ724278, A. oligophlebium, A. kiangsuense, and A. boreale Taiwan 368, 
were resolved (Fig. 5). The eight major MLGs in Japan and the A. normale samples 
collected in Taiwan were included in clade NORMALE with ML bootstrapping support 
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(MLBS) = 100% and BI posterior probability (BIPP) = 1.0. Clade NORMALE also 
comprised diploid A. normale samples from southern and central China, Taiwan and 
Southeast Asia. Although A. boreale in Japan and China were contained in clade 
BOREALE, one A. boreale sample from Taiwan (Taiwan 368) was slightly differentiated 
from clade BOREALE and formed a clade (MLBS=100, BIPP=0.97) together with clade 
BOREALE, A. oligophlebium and A. kiangsuense.  
 
Nuclear gene trees  We obtained aligned sequences of 1078 bp for LFY, 419 bp for 
PgiC and 397 bp for NIA. GTR+I, HKY+G and HKY+I were selected as best-fit models for 
LFY, PgiC and NIA datasets, respectively. In each gene, there was no inconsistency in tree 
topology between the ML and BI methods.  
 ML tree of LFY gene (Fig. 6A) resolved three clades (NORMALE, 
OLIGOPHLEBIUM and BOREALE) and unique sequence (SHIMURAE), which 
corresponded mostly to the clades or haplotypes of the same name in the cpDNA tree (Fig. 
5), respectively. Clade NORMALE was highly supported with MLBS = 89% and BIPP = 
1.0, and composed of the alleles of diploid A. normale from Taiwan, the alleles at LFYN 
locus of tetraploid A. normale from Japan and Taiwan, and one of two alleles of A. 
shimuare. Most of the major MLGs shared the same allele LFYN-a1 (a sequence variant of 
allele a) with diploid A. normale from Taiwan. Clade OLIGOPHLEBIUM contained the 
alleles at LFYO locus of MLG2, 6, and 8, and those of A. oligophlebium. This clade was 
weakly supported, but all A. oligophlebium alleles were included in this clade and those of 
other diploid species were not. Clade BOREALE was most highly supported in this tree 
(MLBS = 96, BIPP = 1.0). This clade was composed of the alleles at LFYO locus of MLG1, 
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3, 4, 5, 7 and tetraploid A. normale from Taiwan, and the alleles of A. boreale from Japan 
and Taiwan. 
PgiC tree (Fig. 6B) showed slightly different topology from that of the LFY tree 
(Fig. 6A). The alleles at PgiCN locus of tetraploid A. normale were separated into two 
branches: NORMALE1 and 2. The allele PgiCN-a of MLG1, 3, 4, 5 and 7 was identical to 
the allele at PgiCN locus of tetraploid A. normale from Taiwan and one of two alleles of A. 
shimurae. While, the allele PgiCN-b of MLG2, 6 and 8 was shared by diploid A. normale 
from Taiwan. The branches NORMALE1 and 2 formed a highly supported clade (MLBS = 
94%, BIPP = 1.0) with another allele of A. shimurae (branch SHIMURAE). Clade 
BOREALE + OLIGOPHLEBIUM (MLBS = 94%, BIPP = 1.0) consisted of the alleles at 
PgiCO locus of tetraploid A. normale from Japan and Taiwan, and the alleles of A. boreale 
and A. oligophlebium. Within this clade, the alleles of A. oligophlebium and PgiCO-b, -d 
and -e (MLG2, 5, 6, and 8) formed a monophyletic group (MLBS = 75%, BIPP = 0.90), to 
which the alleles of A. boreale and the alleles at PgiCO locus of MLG1, 3, 4, 7 and A. 
normale TAIWAN 368 were paraphyletic. The alleles PgiCO-b, -d and -e were respectively 
identical to the allele of A. oligophlebium var. oligophlebium 029 from Shizuoka Prefecture, 
that of A. oligophlebium var. oligophlebium 153 from Kyoto Prefecture, and that of A. 
oligophlebium var. oligophlebium 164 from Yaku Island or A. oligophlebium var. 
iezimaense.  
As for NIA tree (Fig. 6C), the topology was consistent with that of the LFY tree 
(Fig. 6A). Clade NORMALE (MLBS = 62%, BIPP = 0.93) contained the alleles of diploid 
A. normale, those of NIAN locus of tetraploid A. normale from Japan and Taiwan, and one 
of the two alleles of A. shimurae. Another allele of A. shimurae (branch SHIMURAE) was 
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positioned at the base of clade NORMALE. The sister relationship between NORMALE 
and SHIMURAE was highly supported (MLBS=93, BIPP=1.0). The alleles NIAO-b of 
MLG2, 6 and 8 was shared by A. oligophlebium in branch OLIGOPHLEBIUM. Clade 
BOREALE was composed of the alleles NIAO-a and -c of MLG1, 3, 4, 5 and 7, the allele at 
NIAO locus of tetraploid A. normale from Taiwan, and the alleles of A. boreale. Although 
the clade BOREALE was not supported by MLBS and BIPP, its member composition was 
consistent with that of clade BOREALE in the LFY tree (Fig. 6A).  
 
Discussion 
Cryptic species suggested by multi-locus genotyping   The eight major MLGs 
accounting for about 90% of Asplenium normale from Japan were each characterized by 
relatively discrete combination of alleles (Table 2), which were detected as high levels of 
LD (Appendix S3). In order to associate these MLGs into reproductively isolated groups, 
we employed STRUCTURE analysis, which assigns samples to clusters in a way as to 
minimize both deviation from Hardy-Weinberg equilibrium and the levels of LD (Pritchard 
et al. 2000). Because the input data was treated as haploid data in the present study, the 
analysis is expected to work simply to minimize the levels of LD. The STRUCTURE 
analyses classified the eight MLGs into three clusters (Fig. 3). Genetic cluster 1 was 
composed of MLG1, 3, 5 and 7 (Fig. 3A), and its gamete genotype can be expressed as a / * 
/ a / * / * / a (LFYN / LFYO / PgiCN / PgiCO / NIAN / NIAO). MLG3, 5 and 7 each 
differed from MLG1 at only one locus (Table 2). There was no significant LD in the 
samples belonging to cluster 1 (data not shown). Genetic cluster 2 contained MLG2, 6 and 
8, and was characterized by the haploid genotype of a / b / b / * / a / b. Because allelic 
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variation was observed only at PgiCO locus, there is no LD even in this cluster. Genetic 
cluster 3 contained only MLG4 (b / c / a / c / a / c), and three alleles of LFYN-b, PgiCO-c, 
and NIAO-c were unique to this cluster. The three genetic clusters are primary candidates 
for cryptic species in Asplenium normale from Japan. The minor MLG (Table 2) could be 
interpreted as an F1 hybrid or a rare recombinant among the putative cryptic species, 
because most of the minor MLGs were shown by the STRUCTURE analysis to be 
genetically admixed among the three clusters (Fig. 3A). 
Although the high levels of LD can reflect non-random mating by the putative 
reproductive isolation among genetic clusters, other sources of non-random mating, such as 
geographical isolation among populations or inbreeding, would also increase the level of 
LD. Firstly, we discuss on the geographical distribution pattern of the genetic clusters. Each 
of the three genetic clusters were distributed widely throughout the geographical region 
examined (Fig. 2, Appendix S5): cluster 1 from Miyazaki Pref. (pop. 12) to Kanagawa Pref. 
(pop. 37), cluster 2 from Kagoshima Pref. (pop. 1) to Tokyo Pref. (pop. 36), and cluster 4 in 
Okayama Pref. (pop. 14) and Wakayama Pref. (pop. 27). This geographic distribution 
pattern indicated that the multi-locus allelic associations found in the three clusters were 
maintained across geographically distant populations, in spite of the opportunities for the 
clusters to contact each other. This suggests that the three clusters are not geographically 
but rather reproductively isolated. 
Secondary, we consider the effect of inbreeding on the high levels of LD. It is 
well known that high levels of selfing can generate linkage disequilibrium, even among 
unlinked loci, due to the reduction of effective recombination (Allard et al., 1972; Hastings, 
1990). Particularly in homosporous ferns, selfing within a gametophyte (gametophytic 
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selfing) results in a sporophyte that is homozygous for all loci in a single generation 
(Kleokowski and Lloyd, 1968; Haufler et al., 2016). Therefore, it is expected that high 
levels of selfing cause fern populations to be composed of homozygous, pure lines. In the 
present study, heterozygous genotypes were detected in only four individuals (MLG20–23) 
of the 230 A. normale individuals examined (Table 2). Although it is difficult to 
discriminate between the deficiency of heterozygotes caused by the hypothesized 
reproductive isolation among the MLGs, and that brought on by selfing, polymorphic 
populations that comprised the MLGs of the same genetic cluster would be helpful for 
understanding the mating system. For example, the Yaku Island Population (pop. 1) of 
cluster 2 (Fig. 3) was composed of MLG2, 6, 8 and 22 (Table 1), and was polymorphic at 
PgiCO locus: five bb, one dd, two ee, and one bd (Table 2). Frequency of heterozygotes is 
significantly less than that of Hardy-Weinberg expectation (chi-square=5.28). If we assume 
that MLG2, 6 and 8 of genetic cluster 2 are not isolated reproductively, this suggests high 
selfing rate in this population. Masuyama and Watano (1990) suggested that gametophytic 
selfing might occur more frequently in polyploid than diploid species because the 
duplicated genomes of polyploids might mitigate inbreeding depression caused by the 
expression of recessive deleterious genes. The possible selfing in tetraploid A. normale 
populations obeys this suggested evolutionary trend. In the fern Sceptridium ternatum 
(Thunb.) Lyon with a selfing rate of over 98%, Watano and Sahashi (1992) identified high 
levels of LD within populations using allozyme markers. However, no consistent 
association of alleles was observed across populations even in this predominantly selfing 
species. This example suggests that it is unlikely that selfing alone could maintain the 
genetic clusters in the entire geographical region examined (Fig. 2). 
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Correspondence between multi-locus genotypes and chemotypes  Cluster analyses of 
UPGMA and NMDS that focused on flavonoid composition revealed that Japanese A. 
normale was separated into four clusters (Fig. 4). In previous studies (Iwashina and 
Matsumoto, 1994; Matsumoto et al., 2003; Iwashina et al., 2008; Fujiwara et al., 2014), 14 
flavonoids have been isolated and identified from Japanese, Nepalese, and Malaysian A. 
normale and related species. Furthermore, 10 chemotypes (A to J) have been recognized in 
A. normale based on the combination of major flavonoid components (Iwashina and 
Matsumoto, 1994; Fujiwara et al., 2014). In this study, we re-classified the chemotypes of 
A. normale using a dataset which included unidentified minor flavonoids. The results 
clearly showed that the chemotypes recognized in the previous studies were reproducible 
even when minor components were considered. With the exception of cluster 1, 1:1 
correspondence was shown in all cases: cluster 1 = A-chemotype, D-chemotype and 
E-chemotype, cluster 2 = B-chemotype, cluster 3 = C-chemotype, and cluster 4 = 
J-chemotype. Although the flavonoid cluster 1 contains three chemotypes, these 
chemotypes are characterized by having two major flavonoids: apigenin 
7-O-α-rhamnopyranosyl-(1→3)-O-)- 
rhamnopyranoside and luteolin 7-O-α-rhamnopyranosyl-(1→3)-O-)-rhamnopyranoside, 
and thus our grouping correctly reflected the major flavonoid components of the 
compositions.  
 The groups classified based on genotypes are consistent with the clusters based 
on flavonoid composition, with a few exceptions. Genetic cluster 1 of MLG1, 3, 5 and 7 
matched flavonoid cluster 1 (Figs. 4 and 5). Genetic cluster 2 was separated into two 
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groups: flavonoid cluster 2 of MLG6 and flavonoid cluster 3 containing MLG2, 6 and 8. 
Genetic cluster 3 of MLG4 was characterized by genkwanin 4’-O-β- glucopyranosyl-(1
2)-O-α-rhamnopyranoside and revealed to be flavonoid cluster 4. This obvious 
correspondence between genotypes and chemotypes strongly supports the reproductive 
isolation among the genetic clusters 
However, there is one exception for this corresponding relationship. One 
MLG2 individual (genetic cluster 2) found in flavonoid cluster 4 of MLG4 (genetic cluster 
3) was collected from pop. 32 (Table 1, Appendix S4), in which an admixed individual 
(MLG16) between genetic clusters 2 and 3 was detected (pop. 32 in Fig.3B). Possibly, this 
incongruence suggests that there is partial gene flow between the two genetic clusters. The 
two separate flavonoid clusters (MLG6 versus MLG2 and 8) in the genetic cluster 2 may 
indicate genetic differentiation between these two. However, the MLG6 individuals in the 
flavonoid cluster 2 were all sampled from two neighboring populations (pop. 28 and 29) in 
Wakayama Pref. (Table 1). Another MLG6 individual from Yaku Island (pop. 1) was 
assigned to the flavonoid cluster 3 of MLG2 and 8, with which the MLG6 individual 
cohabited in pop. 1 (Table 1, Fig. 2). There is thus no evidence suggesting reproductive 
isolation between MLG6 and the other two MLGs of genetic cluster 2. Additional 
population sampling would be required to examine the relationship between MLG2, 6 and 
8. 
 
Hybrid origins and independent allopolyploidization events   Our chloroplast 
phylogeny revealed that all of the tetraploid A. normale individuals examined were nested 
within clade NORMALE, which included diploid A. normale from southern and central 
  
34
 
34


 
34 
China, Taiwan, and Southeast Asia (Fig. 5). Based on the maternal inheritance of cpDNA 
in ferns (Gastony and Yatskievych, 1992; Vogel et al., 1998), the maternal progenitor of all 
Japanese tetraploid A. normale would be diploid A. normale plants of this cpDNA clade. 
The phylogenetic trees of the biparentally inherited nuclear genes, LFY, PgiC, and NIA, 
showed mostly the same topologies (Fig. 6). All of the major MLGs have two diversified 
alleles from two different clades, suggesting the allopolyploid origins of tetraploid A. 
normale (Chang et al. 2013). Consistent with the result of the cpDNA tree (Fig. 6), the 
alleles at one of two homeologous loci of each nuclear gene in tetraploid A. normale were 
included in the clade comprising diploid A. normale (clade NORMALE in the LFY and NIA 
trees, or clade NORMALE1 + NORMALE2 + SHIMURAE in the PgiC tree) (Fig. 6). 
Interestingly, in the LFY and NIA trees (Fig. 6A and 6C), the alleles at the locus 
of non-NORMALE genome of tetraploid A. normale were separated into two clades: the 
clade including A. boreale (clade BOREALE) and the clade including A. oligophlebium 
(clade OLIGOPHLEBIUM). Although the alleles of A. boreale and A. oligophlebium were 
not separated into different clades in PgiC tree (Fig. 6B), this may be due to a low 
phylogenetic signal or incomplete lineage sorting in this DNA fragment. Among the eight 
major MLGs, the alleles at LFYO locus of MLG1, 3, 4, 5 and 7 formed a clade (clade 
BOREALE) together with A. boreale, with high supported values in the LFY tree (Fig. 6A). 
The NIA tree also supported this result (Fig. 6C). In the PgiC tree (Fig. 6B), however, the 
allele PgiCO-d of MLG5 was identical to that of A. oligophlebium (#153), inconsistent 
with the results in other nuclear gene trees. As suggested by Chang et al. (2013), A. boreale 
would be an autotetraploid species because all alleles from the samples of A. boreale in this 
study were included in same clade (clade BOREALE) in the LFY and NIA trees (Fig. 6A 
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and 6C). These results suggest that MLG1, 3, 4 and 7 are allotetraploids between diploid A. 
normale and unknown diploid of A. boreale. The Taiwanese tetraploid A. normale plant 
(#369) also has the same progenitor diploid pair (Fig. 6A). Hereafter, we call the 
allotetraploid of this progenitor diploid pair as “NORMALE×BOREALE”. This 
hypothesized origin of tetraploid A. normale is congruent with the conclusion of Chang et 
al. (2013). On the other hand, the alleles at the locus of non-NORMALE genome of MLG2, 
6 and 8 were shared with A. oligophlebium in all nuclear gene trees. This result indicates 
that MLG2, 6, and 8 are allotetraploids with diploid A. normale as the maternal lineage and 
A. oligophlebium as the paternal lineage (hereafter referred to as “NORMALE
OLIGOPHLEBIUM”). Although Chang et al. (2013) also conducted phylogenetic analysis 
for the PgiC gene of samples containing tetraploid A. normale that were widely collected 
from China, Hawaii, Vietnam and Japan, samples that shared alleles with A. oligophlebium 
were not found. Thus, the current study presents the first discovery of this allotetraploid 
lineage.  
The seven major MLGs were classified as either allotetraploid 
NORMALE×BOREALE or NORMALEOLIGOPHLEBIUM; however, MLG5 (haploid 
genotype: a / a / a / d / a / a) is problematic in this respect. Although it was assigned to 
NORMALEBOREALE based on the alleles LFYO-a and NIAO-a (Fig. 6A and 6C), it 
shares an allele PgiCO-d with A. oligophlebium (Fig. 6B). This incongruence among loci 
can be explained by putative recombination between the two allotetraploid lineages with 
different progenitor diploid pairs. MLG5 can be expected in later generation hybrids 
between MLG1 (a / a / a / a / a / a) of NORMALE×BOREALE and MLG6 (a / b / b / d / a / 
b) of NORMALE×OLIGOPHLEBIUM. One of the minor MLGs, MLG19 (a / a / b / d / a / 
  
36
 
36


 
36 
b), could be another example of the recombination between MLG1 and 6. Alternatively, it 
may be possible that MLG5 originated through introgressive hybridization between A. 
oligophlebium and MLG1. A putative F1 hybrid between A. normale and A. oligophlebium 
var. oligophlebium has been reported widely from the areas where the distribution of the 
two taxa overlap (Ebihara, 2016). However, a later generation hybrid is unlikely because 
the F1 hybrid between A. normale and A. oligophlebium is sterile (Mastumoto et al. 2003) 
and instances of introgression between the two species with different ploidy levels (diploid 
and tetraploid) have to our knowledge never been reported in ferns.  
The nuclear gene trees also uncovered multiple origins for both of the two 
allotetraploids: NORMALE×BOREALE and NORMALE×OLIGOPHLEBIUM (Fig. 6). 
Among the MLGs (MLG1, 3, 4 and 7) of NORMALE×BOREALE, MLG4 had three 
unique alleles (LFYN-b, PgiCO-c, and NIAO-c; Table 2), and was assigned to a unique 
genetic cluster by the STRUCTURE analysis (Fig 3). In the LFY tree (Fig. 6A), alleles 
LFYN-a1 and a2 of MLG1, 3, 5 and 7 were grouped with the alleles of Taiwanese diploid A. 
normale sequence, while that of MLG4 (allele b) was not. Similar phylogenetic 
relationships were observed in the clade BOREALE + OLIGOPHLEBIUM of the PgiC tree 
(Fig. 6B) and clade BORELAE of the NIA tree (Fig. 6C). These results show that MLG4 
and the other MLGs of NORMALE×BOREALE were independently formed from the same 
parental species pair. As for NORMALE×OLIGOPHLEBIUM (MLG2, 6, and 8), the 
alleles PgiCO-b, d and e, were shared with different A. oligophlebium individuals, 
respectively (Fig. 6B). This result suggests that all of MLG2, 6, and 8 have originated 
independently, from each different A. oligophlebium individual as a paternal parent.  
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Tetraploid cryptic species in Asplenium normale   Based on the comprehensive 
consideration of multi-locus genotypes, STRUCTURE analysis, flavonoid composition, 
and phylogenetic analyses, we identified three cryptic species in tetraploid A. normale in 
Japan (Table 3). Cryptic species I comprises MLG1, 3, 5 and 7, and originated through 
allo-tetraploidization between diploid A. normale and unknown diploid of A. boreale. 
Although MLG5 may be a recombinant between MLG1 and 6, it is included in cryptic 
species I because the flavonoid compositions of MLG5 individuals were classified into the 
same cluster as MLG1, 3, and 7 (Fig. 4). Cryptic species II is composed of MLG2, 6 and 8. 
Phylogenetic analyses suggest that it have an allopolyploid origin between diploid A. 
normale and A. oligophlebium endemic to Japan. Although the flavonoid compositions of 
cryptic species II were divided into two clusters (Fig. 4), all individuals of pop. 1, in which 
MLG2, 6, and 8 grew together (Table 1, Fig. 2), were assigned to flavonoid cluster 3. The 
MLG22 individual in pop. 1 showed the genotype expected for an F1 hybrid between 
MLG2 and 6 (Table 2). Unfortunately, the voucher specimen of the MLG22 individual did 
not have any fertile fronds, and thus yielded no information about its fertility.  
In their chemotaxonomical study using flavonoids, Iwashina and Matsumoto 
(1994) commented that A. oligophlebium was morphologically similar to A. normale 
C-chemotype (our flavonoid cluster 3), in that it has prominently toothed pinnae and 
sometimes lobed segments at the base of pinnae. In the present study, we confirmed that 
MLG2 and 8 of the flavonoid cluster 3 have prominently toothed pinnae (Appendix S4). In 
addition, MLG6 of the flavonoid cluster 2 was also found to have this characteristic (data 
not shown). The shared morphological characteristics between the cryptic species II and A. 
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oligophlebium support our hypothesis that one of its progenitor diploids would be A. 
oligophlebium.  
Lastly, MLG4 individuals can be recognized as cryptic species III. Although 
the nuclear gene trees suggest that MLG4 originated through allo-tetraploidization between 
diploid A. normale and unknown diploid of A. boreale, along with cryptic species I of 
MLG1, 3, 5 and 7, it was assigned to a distinct third genetic cluster by the STRUCTURE 
analysis (Fig. 3) and its flavonoid composition was also distinguished from that of cryptic 
species I (Fig. 4). The association between genotype and flavonoid phenotype in two 
distant locations (pops. 14 and 27, Fig. 2) clearly suggests that MLG4 was reproductively 
isolated from other MLGs.  
The situation whereby allopolyploid lineages independently formed from the 
same progenitor pair and maintained their genetic distinctness even in sympatry was first 
reported in the allo-octoploid ferns Asplenium cimmeriorum Brownsey & de Lange and A. 
gracillimum Colenso (Perrie et al., 2010). A similar phenomenon was also reported in the 
famous case of recent (80-years old or less) and recurrent allopolyploidization between 
Tragopogon species of Asteraceae (Symonds et al., 2010). Recent reviews (Soltis et al., 
2010, 2014) explicitly stated that the evolutionary fates of allopolyploid lineages that were 
formed independently would be a question of great interest with respect to whether they 
result in a single polymorphic species through gene flow and recombination, or whether 
they eventually diverge into distinct species. It is notable that both outcomes of these 
possible scenarios could be observed in tetraploid A. normale.  
The presence of reproductive barriers between the three putative cryptic species 
of tetraploid A. normale was indirectly suggested based on the range-wide maintenance of 
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genetic distinctness and strong association between genotypes and flavonoid phenotypes. 
Therefore, the reproductive isolation factors responsible for the putative cryptic species 
should be identified to understand diversification processes in the A. normale complex in 
future studies. As discussed above, the deficiency of heterozygous genotypes (Table 2) 
suggests that tetraploid A. normale cryptic species are predominant inbreeders. It is likely 
that self-fertilization plays an important role in prezygotic isolation among allopolyploid 
lineages with different origins. In addition, self-fertilization could contribute to the 
evolutionary development of postzygotic barriers. In the populations of a highly selfing 
tetraploid fern, Asplenium ruta-muraria L., crossing between different selfing lines resulted 
in irregularities of meiosis and reduced spore fertility, suggesting the presence of 
outbreeding depression (Schneller, 1996). The causal genetic mechanism is crucial because 
it may represent an incipient process of cryptic speciation in polyploids.  
Secondary metabolites, including flavonoids, have been used for resolving the 
intergeneric or interspecific relationships of some fern families (Hiraoka, 1978; Haufler and 
Giannasi, 1982) and elucidating interspecific hybridizations (Harborne et al., 1973; Conant 
and Cooper-Driver, 1980) in fern taxonomy. The present study exemplified that the 
congruence between genetic and phenotypic (flavonoids) datasets provides strong evidence 
for the presence of cryptic species. Species that are known to have intraspecific variation in 
secondary metabolites could be promising candidates for discovering cryptic species in 
future studies.  
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Table 1. Locations of the populations of Asplenium normale in Japan, and their 
multi-locus genotype (MLGs). 
Population 
code Location N 
MLG 
(no. of individuals) 
1 Yaku Is., Kagosima Pref. 9 MLG2(5), MLG6(1), MLG8(2), MLG22(1) 
2 Okatomi cho, Nobeoka, Miyazaki Pref. 9 MLG2(9) 
3 Kitakata-cho, Nobeoka Miyazaki Pref. 6 MLG1(6) 
4 Kitagawa-cho,Nobeoka, Miyazaki Pref. 4 MLG1(4) 
5 Kitagawa-cho,Nobeoka, Miyazaki Pref. 3 MLG2(3) 
6 Kitaura-cho, Nobeoka, Miyazaki Pref. 3 MLG1(3) 
7 Kitaura-cho, Nobeoka, Miyazaki Pref. 5 MLG1(5) 
8 Togo-cho, Hyuga, Miyazaki Pref. 6 MLG3(6) 
9 Togo-cho, Hyuga, Miyazaki Pref. 5 MLG3(5) 
10 Togo-cho, Hyuga, Miyazaki Pref. 6 MLG3(6) 
11 Kijo-cho, Koyugun, Miyazaki Pref. 4 MLG3 (4) 
12 Kamiage, Saito, Miyazaki Pref. 4 MLG1(2), MLG3(2) 
13 Niyodogawa-cho, Agawagun, Kouchi Pref. 2 MLG1(2) 
14 Yagisan, Bizen, Okayama Pref. 11 MLG4(8), MLG10(3) 
15 Yamada-cho, Kita-ku, Kobe, Hyougo Pref. 10 MLG1(10) 
16 Yamazaki-cho, Sisou, Hyougo Pref. 11 MLG5(11) 
17 Ichikawa-cho, Kanzaki-gun, Hyougo Pref. 12 MLG1(12) 
18 Taka-cho, Taka-gun, Hyougo Pref. 12 MLG1(12) 
19 Ichijima-cho, Tanba, Hyougo Pref. 13 MLG1(13) 
20 Mt. Makio, Izumi, Osaka Pref. 2 MLG15(2) 
21 Mt. Makio, Izumi, Osaka Pref. 3 MLG1(3) 
22 Mt. Makio, Izumi, Osaka Pref. 3 MLG1(3) 
23 Chichioni-cho, Izumi, Osaka Pref. 5 MLG1(5) 
24 Mt. Iwawaki, Kawachinagano, Osaka Pref.  10 MLG1(10) 
25 Kakami, Yoshino-gun, Nara Pref. 3 MLG9(3) 
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Table 1. Continued. 
 
 
 
 
 
 
 
 
Population 
code Location N 
MLG 
(no. of individuals) 
26 Minato, Tanabe, Wakayama Pref. 1 MLG19(1) 
27 Nachikatsuura-cho, Higashimuro-gun, Wakayama Pref. 8 MLG4(8) 
28 Nachikatsuura-cho, Higashimuro-gun, Wakayama Pref. 7 MLG6(7) 
29 Nachikatsuura-cho, Higashimuro-gun, Wakayama Pref. 3 MLG1(1), MLG6(1), MLG23(1) 
30 Kiwa-cho, Kumano, Mie Pref. 4 MLG1(4) 
31 Isato-cho, Kumano, Mie Pref. 5 MLG1(5) 
32 Kihoku-cho, Kitamuro-gun, Mie Pref. 7 MLG1(1), MLG2(1), MLG16(1), MLG14(2), MLG18(1), MLG20(1)  
33 Nishiizu-cho, Kamo-gun, Shizuoka Pref. 19 MLG7(5), MLG2(14) 
34 Higashiizu-cho, Kamo-gun, Shizuoka Pref. 6 MLG2(1), MLG11(1), MLG12(1), MLG13(2), MLG21(1) 
35 Rendaiji, Shimoda, Shizuoka Pref. da, Shizuoka Pref. 3 MLG17(1), MLG12(1), MLG11(1) 
36 Hachijo Is., Tokyo Pref. 1 MLG2(1) 
37 Kuno, Odawara, Kanagawa Pref. 5 MLG5(5) 
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Table 2. Number of individuals within 23 multi-locus genotypes (MLGs) found in 
Japanese Asplenium normale. 
 
 
 
 
MLG 
Locus (no. 
of alleles) Num 
LFYA 
(2) 
LFYB 
(3) 
PgiCA 
(2) 
PgiCB 
(5) 
NIAA 
(2) 
NIAB 
(3) 
Cp 
(2)  
MLG1 aa aa aa aa aa aa A 101 
MLG2 aa bb bb bb aa bb A/B 34 
MLG3 aa cc aa aa aa aa A 23 
MLG4 bb cc aa cc aa cc A 16 
MLG5 aa aa aa dd aa aa A 16 
MLG6 aa bb bb dd aa bb A 9 
MLG7 aa aa aa aa bb aa A 5 
MLG8 aa bb bb ee aa bb A 2 
MLG9 aa aa aa aa aa cc A 3 
MLG10 bb cc aa aa aa cc A 3 
MLG11 aa bb bb aa aa aa A 2 
MLG12 aa bb bb aa aa bb A 2 
MLG13 aa bb aa bb aa cc A 2 
MLG14 aa aa bb aa aa bb A 2 
MLG15 aa aa aa aa aa bb A 2 
MLG16 aa bb bb bb aa cc A 1 
MLG17 aa bb aa aa aa aa A 1 
MLG18 aa bb aa aa aa bb A 1 
MLG19 aa aa bb dd aa bb A 1 
MLG20 aa ab* ab* ab* aa bb A 1 
MLG21 aa bb ab* ab* aa bb A 1 
MLG22 aa bb bb bd* aa bb A 1 
MLG23 aa bb bb aa aa ab* A 1 
Total        230 
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Table 3. Three allotetraploid cryptic species recognized based on the integration of 
multilocus genotypes, STRUCTURE analysis, flavonoid compositions and 
phylogenetic analyses of cpDNA and three nuclear gene sequences. 
NORMALE×BOREALE means allotetraploids between diploid A. normale and unknown 
diploid of A. boreale. NORMALE×OLIGOPHLEBIUM represents allotetraploids between 
diploid A. normale and A. oligophlebium. 
 
 Multilocus 
genotypes 
STRUCTURE 
analysis 
Flavonoid 
compositions 
Phylogenetic analyses 
Cryptic 
species I 
MLG1, 3, 5 
and 7 cluster 1 cluster 1 
NORMALEBOREALE 
Cryptic 
species II 
MLG2 and 
8 
cluster 2 
cluster 3 
NORMALE 
×OLIGOPHLEBIUM 
MLG6 cluster 2 and 3 
Cryptic 
species III MLG4 cluster 3 cluster 4 
NORMALEBOREALE 
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Fig. 1. Boxplots demonstrating the spore length in each population or species. 
Numerals on the x-axis signify the population code (Table 1) of Japanese Asplenium 
normale. In each boxplot, thick lines, boxes, whiskers, and circles indicate the median 
value, the range between the lower and upper quartiles, the range between the minimum 
and maximum values, and outliers, respectively. Red samples are those that were analyzed 
with flow cytometry. Horizontal dotted lines indicate the ranges of mean spore length 
values for the diploid and tetraploid groups. 
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Fig. 2. Distribution map of nuclear DNA multi-locus genotypes of Asplenium normale 
in Japan. The left and right halves of the pie charts signify ‘N’ locus and ‘O’ locus 
sequences, respectively. The inner, middle, and outer pie charts indicate genotypes at LFY, 
PgiC, and NIA genes, respectively. Heterozygous genotypes are expressed by top-/ 
bottom-half pie charts. Different sizes in pie charts reflect the sample size at each 
population; small and large ones indicate populations of five or less individuals and those 
more than five individuals, respectively. Minor MLGs other than the eight MLGs shown in 
the lower right legend are also shown on the map. 
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Fig. 3. STRUCTURE bar plots showing the assignment of Japanese Asplenium 
normale individuals to three distinct genetic clusters (K = 3). Dark red, cluster 1; blue, 
cluster 2; yellow, cluster 3. The individuals are ordered by their MLGs (A) or by their 
populations (B). Each individual is shown as a column, and MLGs (A) or populations (B) 
are separated from each other by a bold black line. Numerals at top and bottom indicates 
MLG number (A) and population code (B), respectively. 
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Fig. 4. UPGMA dendrogram and non-metric multi-dimensional scaling (NMDS) 
ordination plots based on the Bray-Curtis distances calculated from the flavonoid 
compositions of 177 Asplenium normale individuals with major MLGs. (A) UPGMA 
dendrogram. The MLGs of the samples are shown in different colors. The red horizontal 
line signifies a cut-off value of 0.7, separating the samples into 4 clusters. (B) Non-metric 
multi-dimensional scaling (NMDS) ordination plots. The MLGs of the samples are 
indicated by symbols of different colors. Each group delimited by a line corresponds to a 
cluster identified by the UPGMA analysis. 
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Fig. 5. ML Phylogenetic tree of chloroplast rps4-trnS intergenic region dataset of the 
Asplenium normale complex. ML bootstrap value and Bayesian posterior probability are 
shown along each branch. Values under 50% are represented by “-”.Bolded branches have 
high support values: an ML bootstrap value over 70% and a posterior probability over 95%. 
Shapes of symbols indicate cytoptypes: triangle = diploid, square = tetraploid. Names of the 
clades and the brabch are given on the right side of them. 
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Fig. 6. ML phylogenetic trees of nuclear gene datasets of the Asplenium normale 
complex. (A) LFY tree. In the LFY long region (primers of Leafy_Asp_217F and 1571R) 
used for phylogenetic tree reconstruction, we detected additional allelic variations that were 
not found in the LFY short region (by primers of LeafyF and LeafyR) used in genotyping. 
The sequence variants were distinguished by numerical suffux, such as a1 and a2. (B) PgiC 
tree. (C) NIA tree. ML bootstrap value and Bayesian posterior probability are shown along 
each branch. Values under 50% are represented by “-”. Bolded branches have high support 
values: an ML bootstrap value over 70% and a posterior probability over 95%. Shape of 
symbols indicate cytoptypes: triangle = diploid, square = tetraploid. The numbers after 
taxon names indicate sample ID numbers used in this study (Appendix S1). For tetraploid A. 
shimurae and A. boreale, different sequences at the duplicated gene loci are shown by 
“allele 1” and “allele 2” before taxon name. N and O after MLG names and tetraploid A. 
normale from Taiwan indicate the alleles at ‘N’ locus and ‘O’ locus, respectively. Colors of 
alleles of the major MLGs represent genetic clusters to which the MLGs belong: red = 
genetic cluster 1, blue = genetic cluster 2, yellow = genetic cluster 3. 
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ere identified by sequencing are in boldface; otherw
ise, they w
ere deduced from
 com
parisons of band 
positions in SSC
P gel. 
    Species or Sm
aple 
ID
 
L
ocality 
Population 
num
ber 
V
oucher 
num
ber 
M
L
G
 
C
pD
N
A
 
type 
M
ean spore 
length [µm
] 
C
-value [pg] 
Asplenium
 norm
ale 
Y
aku Is., K
agosim
a Pref., 
Japan 
1 
FT130712-1 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
 
 
 
 
 
FT130712-2 
M
LG
8 (aa/bb/bb/ee/aa/bb) 
A
 
35.7 
 
 
 
 
FT130712-3 
M
LG
8 (aa/bb/bb/ee/aa/bb) 
A
 
 
 
 
 
 
FT130712-4 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
38 
 
 
 
 
FT130712-5 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
37.6 
 
 
 
 
FT130712-6 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
 
 
 
 
 
FT130712-7 
M
LG
6 (aa/bb/bb/dd/aa/bb) 
A
 
 
 
 
 
 
FT130712-8 
M
LG
22 (aa/bb/bb/bd/aa/bb) 
A
 
 
 
 
 
 
FT130712-9 
M
LG
8 (aa/bb/bb/ee/aa/bb) 
A
 
 
 
 
O
katom
i cho, N
obeoka, 
M
iyazaki Pref., Japan 
2 
FT130716-2 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
 
 
 
 
 
FT130716-3 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
 
 
 
 
 
FT130716-4 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
37.1 
 
 
 
 
FT130716-5 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
 
 
 
 
 
FT130716-6 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
 
 
 
 
 
FT130716-7 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
34.8 
 
 
 
 
FT130716-8 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
37.1 
 
 
 
 
FT130716-9 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
36.9 
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ontinued  
  
Species or Sm
aple 
ID
 
L
ocality 
Population 
num
ber 
V
oucher 
num
ber 
M
L
G
 
C
pD
N
A
 
type 
M
ean spore 
length [µm
] 
C
-value [pg] 
 
 
 
FT130716-10 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
 
 
 
K
itakata-cho, N
obeoka 
M
iyazaki Pref., Japan 
3 
FT130716-12 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
38.2 
 
 
 
 
FT130716-13 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
32.8 
 
 
 
 
FT130716-14 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
35.2 
 
 
 
 
FT130716-15 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
35.9 
18.8 
 
 
 
FT130716-16 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
34.4 
 
 
 
 
FT130716-23 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
34.3 
 
 
K
itagaw
a-cho,N
obeoka, 
M
iyazaki Pref., Japan 
4 
FT130716-17 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130716-18 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130716-20 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
33.8 
 
 
 
 
FT130716-21 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
38.6 
 
 
K
itagaw
a-cho,N
obeoka, 
M
iyazaki Pref., Japan 
5 
FT130716-22 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT130716-24 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
36.5 
 
 
 
 
FT130716-25 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
K
itaura-cho, N
obeoka, 
M
iyazaki Pref., Japan 
6 
FT130716-26 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
40.2 
 
 
 
 
FT130716-27 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130716-28 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
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  C
ontinued  
   Species or Sm
aple 
ID
 
L
ocality 
Population 
num
ber 
V
oucher 
num
ber 
M
L
G
 
C
pD
N
A
 
type 
M
ean spore 
length [µm
] 
C
-value [pg] 
 
K
itaura-cho, N
obeoka, 
M
iyazaki Pref., Japan 
7 
FT130716-29 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130716-30 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
38.6 
 
 
 
 
FT130716-31 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130716-32 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130716-33 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
Togo-cho, H
yuga, M
iyazaki 
Pref., Japan 
8 
FT130717-2 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130717-3 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
34.8 
 
 
 
 
FT130717-4 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
36.1 
 
 
 
 
FT130717-5 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
36.9 
 
 
 
 
FT130717-6 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
37.5 
 
 
 
 
FT130717-7 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
Togo-cho, H
yuga, M
iyazaki 
Pref., Japan 
9 
FT130717-9 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130717-10 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
38.4 
 
 
 
 
FT130717-11 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130717-12 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
37.7 
 
 
 
 
FT130717-13 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
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  C
ontinued  
  Species or Sm
aple 
ID
 
L
ocality 
Population 
num
ber 
V
oucher 
num
ber 
M
L
G
 
C
pD
N
A
 
type 
M
ean spore 
length [µm
] 
C
-value [pg] 
 
Togo-cho, H
yuga, M
iyazaki 
Pref., Japan 
10 
FT130717-16 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130717-17 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130717-18 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130717-19 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
37 
 
 
 
 
FT130717-20 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130717-21 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
K
ijo-cho, K
oyugun, 
M
iyazaki Pref., Japan 
11 
FT130717-23 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
39.4 
 
 
 
 
FT130717-24 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130717-25 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT130717-26 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
 
 
 
K
am
iage, Saito, M
iyazaki 
Pref., Japan 
12 
FT130717-28 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
36.2 
 
 
 
 
FT130717-29 
M
LG
3 (aa/cc/aa/aa/aa/aa) 
A
 
38.2 
 
 
 
 
FT130717-30 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36.8 
 
 
 
 
FT130717-31 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
N
iyodogaw
a-cho, 
A
gaw
agun, K
ouchi Pref., 
Japan 
13 
121231-1 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
34.6 
 
 
 
 
121231-2 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
38.7 
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  C
ontinued  
   Species or Sm
aple 
ID
 
L
ocality 
Population 
num
ber 
V
oucher 
num
ber 
M
L
G
 
C
pD
N
A
 
type 
M
ean spore 
length [µm
] 
C
-value [pg] 
 
Y
agisan, B
izen, O
kayam
a 
Pref., Japan 
14 
FT140512-11 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
36.6 
 
 
 
 
FT140512-12 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
35.5 
 
 
 
 
FT140512-13 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
34.6 
 
 
 
 
FT140512-21 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
36.6 
 
 
 
 
FT140512-22 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
36.9 
 
 
 
 
FT140512-23 
M
LG
10 (bb/cc/aa/aa/aa/cc) 
A
 
 
 
 
 
 
FT140512-24 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
36.7 
 
 
 
 
FT140512-26 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
37.3 
 
 
 
 
FT140512-29 
M
LG
10 (bb/cc/aa/aa/aa/cc) 
A
 
39.7 
 
 
 
 
FT140512-31 
M
LG
10 (bb/cc/aa/aa/aa/cc) 
A
 
37.7 
 
 
 
 
FT140512-32 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
36.4 
 
 
Y
am
ada-cho, K
ita-ku, K
obe, 
H
yougo Pref., Japan 
15 
FT140512-1 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-2 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-3 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
37.7 
19.3 
 
 
 
FT140512-4 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
39.2 
 
 
 
 
FT140512-5 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
37.3 
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  C
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   Species or Sm
aple 
ID
 
L
ocality 
Population 
num
ber 
V
oucher 
num
ber 
M
L
G
 
C
pD
N
A
 
type 
M
ean spore 
length [µm
] 
C
-value [pg] 
 
 
 
FT140512-6 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
37.9 
 
 
 
 
FT140512-7 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36.8 
 
 
 
 
FT140512-8 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
38.4 
 
 
 
 
FT140512-9 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36.7 
18.9 
 
 
 
FT140512-10 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36.9 
 
 
Y
am
azaki-cho, Sisou, 
H
yougo Pref., Japan 
16 
FT140512-44 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
 
 
 
 
 
FT140512-45 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
38.5 
 
 
 
 
FT140512-46 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
36.9 
 
 
 
 
FT140512-47 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
 
 
 
 
 
FT140512-48 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
 
 
 
 
 
FT140512-49 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
 
 
 
 
 
FT140512-50 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
 
 
 
 
 
FT140512-51 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
 
 
 
 
 
FT140512-52 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
 
 
 
 
 
FT140512-53 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
 
 
 
 
 
FT140512-54 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
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  C
ontinued  
   Species or Sm
aple 
ID
 
L
ocality 
Population 
num
ber 
V
oucher 
num
ber 
M
L
G
 
C
pD
N
A
 
type 
M
ean spore 
length [µm
] 
C
-value [pg] 
 
Ichikaw
a-cho, K
anzaki-gun, 
H
yougo Pref., Japan 
17 
FT140512-55 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-56 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-57 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
37.4 
 
 
 
 
FT140512-58 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-59 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-60 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-61 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-62 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-63 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-64 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-65 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-66 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
Taka-cho, Taka-gun, 
H
yougo Pref., Japan 
18 
FT140512-67 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
37.8 
 
 
 
 
FT140512-68 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-69 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-70 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
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  C
ontinued  
   Species or Sm
aple 
ID
 
L
ocality 
Population 
num
ber 
V
oucher 
num
ber 
M
L
G
 
C
pD
N
A
 
type 
M
ean spore 
length [µm
] 
C
-value [pg] 
 
 
 
FT140512-71 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-72 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
39 
 
 
 
 
FT140512-73 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36.6 
 
 
 
 
FT140512-74 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-75 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-76 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
37 
 
 
 
 
FT140512-77 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-78 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
Ichijim
a-cho, Tanba, 
H
yougo Pref, Japan 
19 
FT140512-94 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-95 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-97 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
41.5 
 
 
 
 
FT140512-98 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-99 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-100 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-101 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-102 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
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L
ocality 
Population 
num
ber 
V
oucher 
num
ber 
M
L
G
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N
A
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M
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C
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FT140512-103 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-105 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-107 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-108 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT140512-109 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
M
t. M
akio, Izum
i, O
saka 
Pref., Japan 
20 
FT120629-1 
M
LG
15 (aa/aa/aa/aa/aa/bb) 
A
 
35.9 
 
 
 
 
FT120629-2 
M
LG
15 (aa/aa/aa/aa/aa/bb) 
A
 
36 
 
 
M
t. M
akio, Izum
i, O
saka 
Pref., Japan 
21 
FT120629-3 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
37.8 
 
 
 
 
FT120629-4 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36.3 
 
 
 
 
FT120629-5 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
34.3 
 
 
M
t. M
akio, Izum
i, O
saka 
Pref., Japan 
22 
FT120629-6 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT120629-7 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
37 
 
 
 
 
FT120629-8 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
35.3 
 
 
C
hichioni-cho, Izum
i, O
saka 
Pref., Japan 
23 
FT120629-10 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT120629-11 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
35.4 
 
 
 
 
FT120629-12 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
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M
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FT120629-13 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
34.8 
 
 
 
 
FT120629-14 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
35 
 
 
M
t. Iw
aw
aki, 
K
aw
achinagano, O
saka 
Pref., Japan 
24 
FT120703-1 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36.5 
 
 
 
 
FT120703-2 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36 
 
 
 
 
FT120703-3 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT120703-4 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36.2 
 
 
 
 
FT120703-5 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT120703-6 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT120703-7 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36.9 
 
 
 
 
FT120703-8 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT120703-9 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36.8 
 
 
 
 
FT120703-10 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
K
akam
i, Y
oshino-gun, N
ara 
Pref., Japan 
25 
FT140508-1 
M
LG
9 (aa/aa/aa/aa/aa/cc) 
A
 
 
 
 
 
 
FT140508-2 
M
LG
9 (aa/aa/aa/aa/aa/cc) 
A
 
 
 
 
 
 
FT140508-3 
M
LG
9 (aa/aa/aa/aa/aa/cc) 
A
 
 
 
 
M
inato, Tanabe, W
akayam
a 
Pref., Japan 
26 
FT121023-34 
M
LG
19 (aa/aa/bb/dd/aa/cc) 
A
 
36.1 
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M
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N
achikatsuura-cho, 
H
igashim
uro-gun, 
W
akayam
a Pref., Japan 
27 
FT121023-23 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
 
 
 
 
 
FT121023-24 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
35.3 
 
 
 
 
FT121023-25 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
35.8 
 
 
 
 
FT121023-27 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
36.6 
 
 
 
 
FT121023-28 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
36.5 
 
 
 
 
FT121023-29 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
36.7 
 
 
 
 
FT121023-30 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
34.6 
 
 
 
 
FT121023-31 
M
LG
4 (bb/cc/aa/cc/aa/cc) 
A
 
38.7 
 
 
N
achikatsuura-cho, 
H
igashim
uro-gun, 
W
akayam
a Pref., Japan 
28 
FT121023-14 
M
LG
6 (aa/bb/bb/dd/aa/bb) 
A
 
35.8 
 
 
 
 
FT121023-16 
M
LG
6 (aa/bb/bb/dd/aa/bb) 
A
 
37 
 
 
 
 
FT121023-17 
M
LG
6 (aa/bb/bb/dd/aa/bb) 
A
 
36.4 
 
 
 
 
FT121023-18 
M
LG
6 (aa/bb/bb/dd/aa/bb) 
A
 
36.8 
 
 
 
 
FT121023-19 
M
LG
6 (aa/bb/bb/dd/aa/bb) 
A
 
 
 
 
 
 
FT121023-20 
M
LG
6 (aa/bb/bb/dd/aa/bb) 
A
 
 
 
 
 
 
FT121023-21 
M
LG
6 (aa/bb/bb/dd/aa/bb) 
A
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N
achikatsuura-cho, 
H
igashim
uro-gun, 
W
akayam
a Pref., Japan 
29 
FT121023-10 
M
LG
23 (aa/bb/bb/aa/aa/ab) 
A
 
35.4 
 
 
 
 
FT121023-11 
M
LG
6 (aa/bb/bb/dd/aa/bb) 
A
 
 
 
 
 
 
FT121023-12 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
35.3 
 
 
K
iw
a-cho, K
um
ano, M
ie 
Pref., Japan 
30 
FT121023-1 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT121023-4 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
35.4 
 
 
 
 
FT121023-7 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36.1 
 
 
 
 
FT121023-8 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
Isato-cho, K
um
ano, M
ie 
Pref., Japan 
31 
FT121022-14 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
35.2 
 
 
 
 
FT121022-15 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
37 
 
 
 
 
FT121022-16 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
37.8 
 
 
 
 
FT121022-17 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
35.8 
 
 
 
 
FT121022-18 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
36 
 
 
K
ihoku-cho, K
itam
uro-gun, 
M
ie Pref., Japan 
32 
FT121022-1 
M
LG
14 (aa/aa/bb/aa/aa/bb) 
A
 
35.2 
 
 
 
 
FT121022-2 
M
LG
14 (aa/aa/bb/aa/aa/bb) 
A
 
38.4 
 
 
 
 
FT121022-3 
M
LG
20 (aa/ab/ab/ab/aa/aa) 
A
 
39 
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V
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M
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C
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FT121022-4 
M
LG
16 (aa/bb/bb/bb/aa/cc) 
A
 
38.3 
 
 
 
 
FT121022-7 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT121022-8 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
38.3 
 
 
 
 
FT121022-9 
M
LG
18 (aa/bb/aa/aa/bb/aa) 
A
 
36.1 
 
 
N
ishiizu-cho, K
am
o-gun, 
Shizuoka Pref., Japan 
33 
FT120528-1 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-2 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-3 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
34.8 
 
 
 
 
FT120528-4 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
36.1 
 
 
 
 
FT120528-5 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
36.4 
 
 
 
 
FT120528-6 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-7 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-8 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
37.1 
 
 
 
 
FT120528-9 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-10 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-11 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-12 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
37.8 
 
 
 
 
FT120528-13 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
38.2 
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FT121022-4 
M
LG
16 (aa/bb/bb/bb/aa/cc) 
A
 
38.3 
 
 
 
 
FT121022-7 
M
LG
1 (aa/aa/aa/aa/aa/aa) 
A
 
 
 
 
 
 
FT121022-8 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
38.3 
 
 
 
 
FT121022-9 
M
LG
18 (aa/bb/aa/aa/bb/aa) 
A
 
36.1 
 
 
N
ishiizu-cho, K
am
o-gun, 
Shizuoka Pref., Japan 
33 
FT120528-1 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-2 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-3 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
34.8 
 
 
 
 
FT120528-4 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
36.1 
 
 
 
 
FT120528-5 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
36.4 
 
 
 
 
FT120528-6 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-7 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-8 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
37.1 
 
 
 
 
FT120528-9 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-10 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-11 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
 
 
 
 
 
FT120528-12 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
37.8 
 
 
 
 
FT120528-13 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
38.2 
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M
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C
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FT120528-14 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
B
 
35.4 
 
 
 
 
FT120528-15 
M
LG
7 (aa/aa/aa/aa/bb/aa) 
A
 
35.2 
 
 
 
 
FT120528-16 
M
LG
7 (aa/aa/aa/aa/bb/aa) 
A
 
 
 
 
 
 
FT120528-17 
M
LG
7 (aa/aa/aa/aa/bb/aa) 
A
 
38.3 
 
 
 
 
FT120528-18 
M
LG
7 (aa/aa/aa/aa/bb/aa) 
A
 
33 
 
 
 
 
FT120528-19 
M
LG
7 (aa/aa/aa/aa/bb/aa) 
A
 
34.6 
 
 
H
igashiizu-cho, K
am
o-gun, 
Shizuoka Pref., Japan 
34 
FT120222-11 
M
LG
13 (aa/bb/bb/aa/aa/cc) 
A
 
 
 
 
 
 
FT120222-12 
M
LG
11 (aa/bb/aa/bb/aa/bb) 
A
 
 
 
 
 
 
FT120222-13 
M
LG
13 (aa/bb/bb/aa/aa/aa) 
A
 
 
 
 
 
 
FT120222-14 
M
LG
12 (aa/bb/bb/aa/aa/bb) 
A
 
35.6 
 
 
 
 
FT120222-15 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
38.4 
 
 
 
 
FT120222-16 
M
LG
21 (aa/bb/ab/ab/aa/bb) 
A
 
37.9 
 
 
R
endaiji, Shim
oda, Shizuoka 
Pref., Japan 
35 
FT120222-3 
M
LG
12 (aa/bb/bb/aa/aa/bb) 
A
 
36.5 
 
 
 
 
FT120222-5 
M
LG
17 (aa/bb/aa/aa/aa/aa) 
A
 
37.9 
 
 
 
 
FT120222-8 
M
LG
11 (aa/bb/aa/bb/aa/bb) 
A
 
36.5 
 
 
H
achijo Is., Tokyo Pref., 
Japan 
36 
130303-7 
M
LG
2 (aa/bb/bb/bb/aa/bb) 
A
 
37.2 
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K
uno, O
daw
ara, 
K
anagaw
a Pref., Japan 
37 
FT120704-1 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
35.6 
 
 
 
 
FT120704-2 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
35.6 
 
 
 
 
FT120704-3 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
35 
 
 
 
 
FT120704-4 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
 
 
 
 
 
FT120704-5 
M
LG
5 (aa/aa/aa/dd/aa/aa) 
A
 
 
 
A. norm
ale, Taiw
an, 
360  
M
t. C
hintan, Taipei 
C
ountry, Taiw
an 
 
150629-5 
 
 
27 
10.5 
A. norm
ale, Taiw
an, 
369 
A
rishan, C
hiayi C
ountry, 
Taiw
an 
 
150701-3 
 
 
35 
19.8 
A. norm
ale, Taiw
an, 
373 
A
rishan, C
hiayi C
ountry, 
Taiw
an 
 
150701-7 
 
 
28.2 
9.8 
A. norm
ale, Taiw
an, 
378 
D
ahan forest road, 
Pingtung C
ountry, 
Taiw
an  
 
150702-5 
 
 
27.7 
 
A. norm
ale, Taiw
an, 
384 
Pingtung C
ountry, 
Taiw
an  
 
150702-14 
 
 
27.7 
10.5 
A. boreale, 018 
R
endaiji, Shim
oda, 
Shizuoka Pref., Japan 
 
FT120222-9 
 
 
38.4 
 
A. boreale, Taiw
an, 
368 
Lianghuishi, N
antou 
C
ountry, Taiw
an 
 
150630-7 
 
 
 
 
A. oligophlebium
 var. 
oligophlebium
 029  
K
am
ihunabara, Izu, 
Shizuoka Pref., Japan 
 
FT120223-4 
 
 
28 
 
A. oligophlebium
 var. 
oligophlebium
 153 
W
aduka, K
yoto Pref., 
Japan 
 
   TN
S 0117089 
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A. oligophlebium
 var. 
oligophlebium
 164 
Y
aku Is., K
agosim
a 
Pref., Japan 
 
FT130713-2 
 
 
 
 
A. oligophlebium
 var. 
iezim
aense 343 
Ie Is., O
kinaw
a Pref., 
Japan 
 
FT140930-9 
 
 
27.8 
 
A. shim
urae, 080 
Shim
okaw
ai, 
H
am
am
atsu, Shizuoka 
Pref., Japan 
 
FT121011-1 
 
 
39.3 
 
A. trichom
anes 066 
M
t. M
akio, Izum
i, O
saka 
Pref., Japan 
 
FT120629-15 
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 A
ppendix 2 D
N
A
 data accession num
bers of the obtained nucleotide sequences in this study 
  
Species or Sm
aple 
ID
 
R
ps4-trnS 
A
ccess. N
um
 
LF
Y short 
A
ccess. N
um
 
LF
Y long 
A
ccess. N
um
 
PgiC
 
A
ccess. N
um
 
N
IA
 
A
ccess. N
um
 
Asplenium
 
norm
ale 
Japan 
A
 
LC
225622 
LFYN
-a 
LC
227804 
LFYN
-a1 
LC
227809 
PgiC
N
-a 
LC
227833 
N
IAN
-a 
LC
227856 
 
B
 
LC
225623 
LFYN
-b 
LC
227805 
LFYN
-a2 
LC
227810 
PgiC
N
-b 
LC
227834 
N
IAN
-b 
LC
227857 
 
 
 
LFYO
-a 
LC
227806 
LFYN
-b 
LC
227811 
PgiC
O
-a 
LC
227835 
N
IAO
-a 
LC
227858 
 
 
 
LFYO
-b 
LC
227807 
LFYO
-a 
LC
227812 
PgiC
O
-b 
LC
227836 
N
IAO
-b 
LC
227859 
 
 
 
LFYO
-c 
LC
227808 
LFYO
-b1 
LC
227813 
PgiC
O
-c 
LC
227837 
N
IAO
-c 
LC
227860 
 
 
 
 
 
LFYO
-b2 
LC
227814 
PgiC
O
-d 
LC
227838 
 
 
 
 
 
 
 
LFYO
-c1 
LC
227815 
PgiC
O
-e 
LC
227839 
 
 
 
 
 
 
 
LFYO
-c2 
LC
227816 
 
 
 
 
A. norm
ale, Taiw
an, 
360 
 
LC
225624 
 
 
 
LC
227817 
 
LC
227840 
 
LC
227861 
A. norm
ale, Taiw
an, 
369 
 
LC
225626 
 
 
allele 1 
LC
227818 
allele 1 
LC
227841 
allele 1 
LC
227862 
 
 
 
 
 
allele 2 
LC
227819 
allele 2 
LC
227842 
allele 2 
LC
227863 
A. norm
ale, Taiw
an, 
373 
 
LC
225627 
 
 
 
 LC
227820 
 
LC
227843 
 
LC
227864 
A. norm
ale, Taiw
an, 
378 
 
LC
225628 
 
 
 
LC
227821 
 
LC
227844 
 
LC
227865 
A. norm
ale, Taiw
an, 
384 
 
LC
225629 
 
 
 
LC
227822 
 
LC
227845 
 
LC
227866 
A. boreale, 018 
 
LC
225630 
 
 
allele 1 
LC
227823 
allele 1 
LC
227846 
allele 1 
LC
227867 
 
 
 
 
 
allele 2 
LC
227824 
allele 2 
LC
227847 
allele 2 
LC
227868 
A. boreale, Taiw
an, 
368 
 
LC
225631 
 
 
 
LC
227825 
 
LC
227848 
 
LC
227869 
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Species or Sm
aple ID
 
R
ps4-trnS 
A
ccess. N
um
 
LF
Y short 
A
ccess. N
um
 
LF
Y long 
A
ccess. N
um
 
PgiC
 
A
ccess. N
um
 
N
IA
 
A
ccess. N
um
 
A. oligophlebium
  var. 
oligophlebium
, 029 
 
LC
225632 
 
 
 
LC
227826 
 
LC
227849 
 
LC
227870 
A. oligophlebium
  var. 
oligophlebium
, 153 
 
LC
225633 
 
 
 
LC
227827 
 
LC
227850 
 
LC
227871 
A. oligophlebium
  var. 
oligophlebium
, 164 
 
LC
225634 
 
 
 
LC
227828 
 
LC
227851 
 
LC
227872 
A. oligophlebium
  var. 
iezim
aense, 343 
 
LC
225635 
 
 
 
LC
227829 
 
LC
227852 
 
LC
227873 
A. shim
urae, 085 
 
LC
225636 
 
 
allele 1 
LC
227830 
allele 1 
LC
227853 
allele 1 
LC
227874 
 
 
 
 
 
allele 2 
LC
227831 
allele 2 
LC
227854 
allele 2 
LC
227875 
A. norm
ale Jinping, C
hina 
 
JQ
724277 
 
 
 
 
 
 
 
 
A. norm
ale 
M
t_Shiw
angdashan, C
hina 
 
JQ
724292 
 
 
 
 
 
 
 
 
A. norm
ale 
M
t_Shiw
angdashan, C
hina 
 
JQ
724290 
 
 
 
 
 
 
 
 
A. norm
ale 
M
t_Shiw
angdashan, C
hina 
 
JQ
724289 
 
 
 
 
 
 
 
 
A. norm
ale H
L2 V
ietnum
 
 
JQ
724301 
 
 
 
 
 
 
 
 
A. norm
ale M
alaysia 
 
JQ
724304 
 
 
 
 
 
 
 
 
A. hobdyi, H
aw
aii U
SA
 
 
A
Y
549785 
 
 
 
 
 
 
 
 
A. norm
ale, M
adagascar 
 
JQ
724308 
 
 
 
 
 
 
 
 
A. norm
ale, G
ongshan, C
hina 
 
 
 
 
 
 
 
 
 
 
A. norm
ale Jinping, C
hina 
 
JQ
724278 
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Species or Sm
aple 
ID
 
R
ps4-trnS 
A
ccess. N
um
 
LF
Y short 
A
ccess. N
um
 
LF
Y long 
A
ccess. N
um
 
PgiC
 
A
ccess. N
um
 
N
IA
 
A
ccess. N
um
 
A. 
norm
ale, 
M
t. 
D
inghushan, C
hina 
 
JQ
724293 
 
 
 
 
 
 
 
 
A. kiangsuense 
 
JQ
724309 
 
 
 
 
 
 
 
 
A. m
onanthes 
 
JQ
767789 
 
 
 
 
 
 
 
 
 
 
JQ
767791 
 
 
 
 
 
 
 
 
A. resiliens 
 
JQ
767811 
 
 
 
 
 
 
 
 
A. trichom
anes, 066 
 
LC
225637 
 
 
 
LC
227832 
 
LC
227855 
 
LC
227876 
A. 
trichom
anes 
subsp. trichom
anes 
 
K
P835412 
 
 
 
 
 
 
 
 
A. viride 
 
EF645627 
 
 
 
 
 
 
 
 
D
iellia m
annii 
 
A
Y
549788 
 
 
 
 
 
 
 
 
D
. unisola 

 
A
Y
549790 

 

 

 

 

 

 

 

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Appendix S3. Correlation coefficients (R) between allelic pairs observed in major 
eight MLGs of Asplenium normale. For example, the value in row ‘LFYN × LFYO’ and 
column ‘MLG3 (a/c/a/a/a/a)’ means a correlation coefficient between LFYN-a and LFYO-c. 
The values in parentheses indicate correlation coefficients calculated only from the 
individuals with eight major MLGs. Asterisks represent statistically significant R values 
(***: 0.01, **: 0.05, *: 0.1). Allelic associations that were significant in both analyses (all 
individuals and only major MLGs), are boxed in red (R > 0) or blue (R < 0). 
 
 
 
 
 
 
 
 
 
Locus pair
LFY N × LFY O
LFY N × PgiC O
LFY N × PgiC O
LFY N × NIA O
LFY N × NIA O
LFY N × PgiC O
LFY N × PgiC O
LFY N × NIA O
LFY N × NIA O
PgiC N × PgiC O
PgiC N × NIA O
PgiC O × NIA O
PgiC O × NIA N 
PgiC O × NIA N
NIA N × NIA O
MLG1
a/a/a/a/a/a
0.344***
(0.350***) 
-0.171*
(-0.153)
0.302***
(0.380***)
-0.045
(-0.046)
0.406***
(0.447***)
0.588***
(0.637***)
0.549***
(0.604***)
-0.130
(-0.131)
0.696***
(0.782***)
0.603***
(0.684***)
-0.085
(-0.083)
0.719***
(0.815***)
-0.113
(-0.122)
0.717***
(0.840***)
-0.111
(-0.102)
MLG2
a/b/b/b/a/b
0.174*
(0.153)
0.171*
(0.153)
0.136
(0.129)
-0.045
(-0.046)
0.172*
(0.153)
0.915***
(1.00***)
0.781***
(0.841***)
0.086
(0.083)
0.865***
(1.00***)
0.736***
(0.841***)
0.085
(0.083)
0.920***
(1.00***)
0.068
(0.070)
0.715***
(0.841***)
0.085
(0.083)
MLG3
a/c/a/a/a/a
-0.635***
(-0.601***)
-0.171*
(-0.153)
0.302***
(0.376***)
-0.045
(-0.046)
0.406***
(0.447***)
0.270***
(0.256***)
-0.020
(-0.036)
0.070
(0.076)
-0.0981
(-0.121)
0.603***
(0.684***)
-0.085
(-0.083)
0.719***
(0.815***)
-0.113
(-0.122)
0.717***
(0.840***)
-0.111
(-0.102)
MLG4
b/c/a/c/a/c
0.635***
(0.601***)
0.171*
(0.153)
0.911***
(1.00***)
0.045
(0.046)
0.859***
(1.00***)
0.270***
(0.256***)
0.579***
(0.601***)
0.070
(0.076)
0.522***
(0.601***)
0.156
(0.153)
-0.085
(-0.083)
0.167
(0.153)
0.041
(0.046)
0.782***
(1.00***)
0.052
(0.046)
MLG5
a/a/a/d/a/a
0.344***
(0.350***) 
-0.171*
(-0.153)
0.109
(0.108)
-0.045
(-0.046)
0.406***
(0.447***)
0.588***
(0.637***)
0.054*
(0.036)
-0.130
(-0.131)
0.696***
(0.782***)
-0.130
(-0.127)
-0.085
(-0.083)
0.719***
(0.815***)
0.054
(0.059)
-0.032
(-0.052)
-0.111
(-0.102)
MLG6
a/b/b/d/a/b
0.174*
(0.153)
0.171*
(0.153)
0.109
(0.108)
-0.045
(-0.046)
0.172*
(0.153)
0.915***
(1.00***)
0.086
(0.127)
0.086
(0.083)
0.865***
(1.00***)
0.130
(0.127)
0.085
(0.083)
0.920***
(1.00***)
0.054
(0.051)
0.127
(0.127)
0.085
(0.083)
MLG7
a/a/a/a/b/a
0.344***
(0.350***) 
-0.171*
(-0.153)
0.302***
(0.376***)
0.045
(-0.046)
0.406***
(0.447***)
0.588***
(0.637***)
0.549***
(0.604***)
0.131
(0.131)
0.696***
(0.782***)
0.603***
(0.684***)
0.085
(0.083)
0.719***
(0.815***)
0.113
(0.122)
0.717***
(0.840***)
0.111
(0.102)
MLG8
a/b/b/e/a/b
0.174*
(0.153)
0.171*
(0.153)
0.028
(0.029)
-0.045
(-0.046)
0.172*
(0.153)
0.915***
(1.00***)
0.163
(0.187*)
0.086
(0.083)
0.865***
(1.00***)
-0.090
(0.187*)
0.085
(0.083)
0.920***
(1.00***)
0.014
(0.050)
0.165
(0.187*)
0.085
(0.083)
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Appendix S4. Distribution map of genetic clusters (K=3) determined by STRUCTURE 
analysis— each number indicates population ID. Each individual is shown as a column. 
Red, dark blue and yellow indicate genetic cluster 1, 2 and 3, respectively. 
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Appendix S5. Fronds and pinna of each cryptic species in tetraploid Asplenium 
normale, and related species— From left to right, diploid A. normale 378 (A), A. boreale 
018 (B), A. oligophlebium 153 (C), cryptic species I from MLG1 in pop13 (D), cryptic 
species II from MLG2 in pop5 (E) and cryptic species III from MLG4 in pop27 (F).
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CHAPTER II 
Phylogenetic analysis revealed the origins of tetraploid and hexaploid 
species in Japanese Lepisorus thunbergianus (Polypodiaceae) complex. 
 
Introduction 
Hybridization and polyploidy play important roles in speciation and diversification within 
the plant kingdom (Soltis and Soltis 2009). These processes are very common, even in 
seedless vascular plants (Barrington et al. 1989; Sigel 2016). For example, it is estimated 
that polyploidy is involved in 31% of fern speciation events (Wood et al. 2009). Recent 
advances in single- or low-copy nuclear marker development in ferns (Ishikawa et al. 2002; 
Rothfels et al. 2013; Schuettpelz et al. 2008) provide an opportunity to elucidate the 
hybridization and polyploidization processes in many polyploid complexes (Adjie et al. 
2007; Chang et al. 2013; Ebihara et al. 2005; Hori et al. 2014; Jaruwattanaphan et al. 2013; 
Nitta et al. 2011; Rothfels et al. 2014; Sessa et al. 2012; Shepherd et al. 2008). 
Lepisorus (J. Sm.) Ching, a genus occurring mainly in the Old World tropics and subtropics, 
comprises 40-70 species (Hennipman et al. 1990; Lin 2000; Zink 1993). Species 
delimitation within Lepisorus is difficult due to the paucity of taxonomically informative 
characters and the plasticity of the characters used to diagnose species. Lepisorus 
thunbergianus (Kalf) Ching is one of the most taxonomically problematic species in this 
genus. Wang et al. (2010) investigated the phylogenetic relationships within this genus 
using chloroplast DNA (cpDNA) sequences from 54 species, including one Japanese and 
two Chinese samples of L. thunbergianus. The results indicated that the L. thunbergianus 
sample collected in Japan was sister to a subclade that included the two L. thunbergianus 
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samples from China, suggesting that L. thunbergianus is not monophyletic. Even in 
Japanese L. thunbergianus, many intraspecific cytotypes have been reported: 2n = 50, 51, 
75, 76, 100, 101, and 102 (Takamiya 1996). Nakato et al. (1983) concluded that the 2n = 50, 
100, and 102 cytotypes were stable strains, based on the presence of normal spores in these 
cytotypes. Based on a karyotype analysis, Takei (1982) proposed that both tetraploid 
cytotypes (2n = 100 and 102) originated from hybridization between diploid L. 
thunbergianus (2n = 50) and a closely related species, L. onoei (Franch. et Sav.) Ching (2n 
= 50). However, to account for the difference in chromosome numbers, Mitsui et al. (1987) 
hypothesized that the 2n = 100 cytotype had an autopolyploid origin from diploid L. 
thunbergianus, while the 2n = 102 cytotype originated through allopolyploidization 
between diploid L. thunbergianus and L. angustus Ching (2n = 52, treated as L. 
thunbergianus var. angustus in the paper). Shinohara et al. (2010), though, conducted 
allozyme analysis and hypothesized that both tetraploid cytotypes of L. thunbergianus (2n 
= 100 and 102) originated through allopolyploidization between diploid L. thunbergianus 
and L. angustus. Although this genetic evidence was convincing, the sampling locations 
were limited to a narrow region (Okutama, Kanto District) that did not adequately cover the 
distribution (from Kyushu to Tohoku District) of tetraploid L. thunbergianus in Japan 
(Mitsui et al. 1987). Therefore, additional studies using samples from other regions are 
needed to elucidate whether other diploid species were involved.  
Serizawa and Aman (2011) investigated stipe (leaf stalk) color variation in L. 
thunbergianus from Aichi Prefecture, Japan, and tentatively classified the species into two 
stipe color types: Green and Blackish. Their ploidy analysis, conducted using flow 
cytometry, revealed that the nuclear DNA content of the Green type corresponds to diploid, 
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triploid, and tetraploid levels, and that of the Blackish type to tetraploid and hexaploid 
levels. Interestingly, these authors also showed that the nuclear DNA content of the Green 
type was distinctly greater than that of the Blackish type at the same tetraploid level, 
suggesting that the two stipe color types might be reproductively isolated from each other. 
Furthermore, Serizawa (2015) redescribed hexaploid plants of the Blackish type as L. 
mikawanus Sa. Kurata, because the broadly lanceolate lamina of the hexaploid and its 
distribution (Aichi and Shizuoka prefectures) are consistent with the original description of 
L. mikawanus Sa. Kurata, which has never been reported since its description (Kurata, 
1965).  
Although the L. thunbergianus complex in Japan has been studied genetically, cytologically, 
and morphologically, as mentioned above (Masuyama et al. 1987; Mitsui et al. 1987; 
Nakato et al. 1983; Serizawa 2015; Serizawa and Aman 2011; Shinohara et al. 2010; Takei 
1978), the molecular phylogenetic approach has not been applied to this complex. The aims 
of the present study are to delimit species within the complex in Japan and to elucidate the 
evolutionary origins of polyploids in the complex, using the molecular phylogenetic 
approach. 
 
Materials and Methods 
Sampling of materials 	 A total of 23 Lepisorus thunbergianus plants and one hexaploid 
L. mikawanus sample were collected from 18 sites throughout the known distribution in 
Japan (Table 1, Fig. 1). In addition to L. angustus and L. onoei, which have been 
hypothesized to be parental species of tetraploid L. thunbergianus, we also collected two 
closely related diploid species, L. hachijoensis Sa. Kurata and L. tosaensis (Makino) H. Itô, 
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from other locations (Table 1, Fig. 1). To avoid interploidal and/or interspecific hybrids, 
samples observed to have abortive spores were removed. The voucher information is listed 
in Appendix 1. 
 
Ploidy determination 	 We determined the ploidy level of each specimen in three ways: 
measurement of spore length, chromosome number counting, and flow cytometry. Spore 
size is frequently used to estimate ploidy levels among closely related fern species 
(Barrington et al. 1986; Dyer et al. 2012; Huang et al. 2006). We examined the spores of 
each specimen using a Nikon LABOPHOT microscope (Nikon, Tokyo, Japan). We 
measured the length (distance between the extreme points of central longitudinal sections 
of monolete spores) of 15–20 randomly selected spores per specimen.  
To support the spore length measurements, mitotic chromosome numbers of 13 
representative samples were counted (Table 1). Root tips were pretreated with 2 mM 
8-hydroxyquinoline for 8 h at approximately 17 °C. After fixation in Carnoy’s fixative 
solution (ethyl alcohol: acetic acid = 3:1) for 30 min, the root tips were macerated in 1 N 
HCl/45% acetic acid (3:1) at 60 °C for 1 min and then squashed in 2% aceto-orcein. 
Chromosomes were observed using a Nikon LABOPHOT microscope. 
To examine the intra- and interspecific variation in nuclear DNA content and obtain 
supportive evidence for ploidy determination, we conducted flow cytometry with 
propidium iodide (PI) staining using 16 samples for which fresh leaves were available 
(Table 1). A piece of the leaf blade of a Lepisorus sample was co-chopped with one from 
Petroselinum crispum L. (2C = 4.5 pg; Obermayer et al. 2002) as an internal standard, 
using a razor blade in 1.2 mL chopping buffer (1.0% [v/v], Triton X-100, 140 mM 
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2-mercaptoethanol, 50 mM NaHSO3, 50 mM Tris-HCl (pH 7.5), 25 µg mL1 PI). 
Following the addition of 0.6 mL chopping buffer, the mixture was filtered through a 
30-µm nylon mesh. The extract was centrifuged for 2 min at 4,000 × g. After removal of 
the supernatant, 0.5 mL of chopping buffer was added. The fluorescence intensities of the 
samples were analyzed on a Cell Lab Quanta SC Flow Cytometer (Beckman Coulter, 
Tokyo, Japan). 
 
Chloroplast and nuclear DNA sequencing 	 Total genomic DNA was extracted from 
silica-gel-dried samples using the CTAB method (Doyle and Doyle 1987). Two chloroplast 
DNA regions, rbcL and an intergenic spacer between rps4 and trnS  (hereafter rps4-trnS), 
were separately amplified using the standard polymerase chain reaction (PCR) and the 
primers ESRBCL1F and ESRBCL1361R from Schuettpelz and Pryer (2007) for rbcL and 
the primers rps4_PTER_F (5-CTCGCTACCGAGGACCTCG-3) and trnS_PTER_R1 
(5-CTACCGAGGGTTCGAATC-3) for rps4-trnS, which were newly developed in 
this study based on the sequence of Pteridium aquilinum L. (accession number NC014348). 
The PCR thermocycling conditions for rbcL and rps4-trnS involved initial denaturation at 
94 °C for 3 min, followed by 35 cycles at 94 °C for 45 s, 56 °C for 45 s, 72 C for 90 s, 
and final extension at 72 C for 7 min. We developed new primers, PGIC_LEP_15F (5
-TTGCCAGGCATTAGAGAAGC-3  ) and PGIC_LEP_16R (5  - 
GCCTTCTATTGAAACCCCCTTTC -3), for the single-copy nuclear gene PgiC, based 
on the sequence for Lepisorus thunbergianus (JQ806503) presented in Wang et al. (2012), 
to amplify intron 15 of the PgiC gene. The PCR thermocycling conditions involved initial 
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denaturation at 94 °C for 3 min, followed by 35 cycles at 94 °C for 45 s, 56 °C for 45 s 
(rbcL and rps4-trnS) or 52 °C for 45 s (PgiC), 72 °C for 90 s, and a final extension at 72 °C 
for 7 min.    
 To separate the allelic variants of the nuclear PgiC gene, we conducted 
single-strand conformation polymorphism (SSCP) gel electrophoresis of the PCR products, 
following the methods of Jaruwattanaphan et al. (2013) and Fujiwara et al. (2017). A part 
of the DNA band that separated on SSCP gel was cut out, and DNA extracted from this 
band was used as a template for further PCR amplification (Jaruwattanaphan et al. 2013).  
 The PCR products were purified using Illustra ExoStar 1-Step (GE Healthcare, 
Chicago, Illinois, USA) and used as templates for direct DNA sequencing. Cycle 
sequencing was conducted using a BigDye Terminator version 3.1 cycle sequencing kit 
(Applied Biosystems, Foster City, California, USA). The sequence products were analyzed 
using an ABI3500 genetic analyzer (Applied Biosystems), and also partly analyzed by 
Eurofins Genomics (Tokyo, Japan). The resulting nucleotide sequences were deposited into 
the International Nucleotide Sequence Database (INSD) under the following accession 
numbers: LC331914 to LC331943 for rbcL, LC332083 to LC332112 for rps4-trnS, and 
LC332113 to LC332166 for PgiC. 
 
Phylogenetic analysis 	 The cpDNA and PgiC gene nucleotide sequences obtained for 
the L. thunbergianus complex and seven related species in the present study (Table 1), as 
well as some sequences determined by Wang et al. (2010, 2012), were assembled and 
phylogenetically analyzed. The sequences of L. uchiyamae (Makino) H. Itô and L. affinis 
Ching were used as outgroups (Wang et al. 2010, 2012). INSD accession numbers of the 
                              92 
92
 
92


 
92
 
cpDNA and PgiC datasets are shown in Appendix 1. DNA sequences were aligned in 
Bioedit (Hall, 1999) using the ClustalW algorithm (Thompson et al. 1994) followed by 
manual editing. Indels generated by insertion or deletion events were coded as binary data 
following the "simple index coding” method of Simmons and Ochoterena (2000), using the 
IndelCoder option in the SeqState 1.4.1 software (Müller 2005). Binarized characters were 
added to the alignments, and corresponding sites with gaps were excluded as missing data. 
Only one sequence for each haplotype was included in each dataset. For the phylogenetic 
analysis, datasets of the two cpDNA regions and the PgiC gene were analyzed separately 
using the maximum likelihood (ML) method in Garli 2.01 (Zwickl 2006), and Bayesian 
inference (BI) in MrBayes v 3.1.2 (Ronquist et al. 2012). The best-fitting substitution 
model for each DNA region was determined using Akaike’s information criterion (AIC) 
(Akaike 1974) in jModelTest (Posada 2008). The Mkv model (Lewis 2001) was applied to 
binary-coded data. In the ML analysis, eight independent runs were performed with random 
starting trees and ‘genthreshfortopoterm’ set to 100,000. The maximum likelihood 
bootstrap support (MLBS) values were assessed using 1,000 bootstrap pseudo-replicate 
datasets. The consensus tree for the bootstrap replicates was obtained using SumTrees 
(Sukumaran and Holder 2010). In the BI analysis, four MCMC chains were run for 
3,000,000 iterations, with samples taken every 100 iterations. Tracer 1.6 (Rambaut and 
Drummond, 2013) was used to evaluate convergence. The first 500,000 iterations were 
discarded as burn-in.  
 
Results 
Chromosome counts and ploidy analysis 	 A chromosome number of 2n = 52 was 
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observed for L. angustus (Table 1; Fig. 2B, 2G). Three cytotypes were observed in L. 
thunbergianus: 2n = 50 (Fig. 2A, 2F), 2n = 100 (Fig. 2C, 2H, 2E, 2J), and 2n = 102 (Fig. 
2D, 2I) (Table 1). These results are consistent with previous studies (Takei 1978; Nakato et 
al. 1983; Masuyama et al. 1987; Shinohara et al. 2010). A meiotic chromosome number of 
n = 75 (hexaploid) was reported by Mitsui (1971) for L. tosaensis. However, in the present 
study, the mitotic chromosome number of an L. tosaensis sample collected in Mie 
Prefecture was 2n = 100 (tetraploid; Table 1, Fig. 3A, 3C). This paper is the first report of a 
chromosome number [2n = 152 (hexaploid)] for L. mikawanus (Table 1; Fig. 3B, 3D).  
There was a clear correlation between chromosome number and spore size in the L. 
thunbergianus complex (Fig. 4). Samples of the diploid species (L. angustus and L. onoei) 
and the 2n = 50 (diploid) samples of L. thunbergianus had smaller spores than the 
tetraploid sample of L. tosaensis and the 2n = 100 and 102 (tetraploid) samples of L. 
thunbergianus. Spores of hexaploid L. mikawanus were the largest in the samples examined. 
The samples were sorted into diploid, tetraploid, and hexaploid groups, based on the 
correspondence between ploidy levels and spore sizes (Fig. 4).  
The 1C DNA values of the two diploid L. thunbergianus samples with 2n = 50 were 7.9 
and 8.0 pg, respectively (Table 1). One L. angustus sample with 2n = 52 exhibited a 
slightly lower value (6.7 pg) than diploid L. thunbergianus. The 1C values of the L. 
thunbergianus samples assigned to the tetraploid group according to spore size (Fig. 4) 
ranged from 13.9–15.8 pg, supporting the result of ploidy determination based on spore 
size. The tetraploid sample of L. tosaensis exhibited a higher value (17.4 pg) than the 
tetraploid samples of L. thunbergianus. The hexaploid L. mikawanus sample had the 
highest value of all (20.6 pg).  
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cpDNA phylogeny 	 The datasets of rbcL and rps4-trnS sequences consist of 1134 
nucleotide sites without gaps, and 995 nucleotide sites and 14 binary-coded indel sites, 
respectively (Table. 2). GTR for rbcL and TPM1uf+G for rps4-trnS were selected as 
best-fitting model. The ML tree for the combined dataset of rbcL and rps4-trnS is given in 
Fig. 5. BI analysis for the combined dataset yielded a tree topology identical to the ML one.  
 Our cpDNA phylogeny (Fig. 5) recovered three clades: two highly supported 
clade A (MLBS = 95, BI posterior probability [BIPP] = 1.0) and clade C (MLBS = 90, 
BIPP = 1.0), and one unsupported clade B (MLBS = 56, BIPP = 0.95). All samples of 
Japanese L. thunbergianus and L. mikawanus formed a highly supported subclade 
‘Japanese L. thunbergianus’ (MLBS = 100, BIPP = 1.0) in the clade A. In the subclade, 
some of tetraploid L. thunbergianus samples (red shaded samples in Fig. 5) and L. 
mikawanus (yellow) formed a monophyletic group with weak support (MLBS =5 0, BIPP = 
0.98). The haplotype sequence from the other tetraploid L. thunbergianus samples (green) 
was identical to one of two haplotypes of diploid L. thunbergianus (light blue). The all 
samples of L. tosaensis including the sequence deposited in INSD, formed a subclade ‘L. 
tosaensis’ (MLBS = 76, BIPP = 0.97) in the clade A. The haplotype of Chinese L. angustus 
(Wang et al. 2010) was contained in clade A, whereas those of Japanese L. angustus 
(orange) in the clade B.  
  
PgiC gene phylogeny 	 The aligned dataset of PgiC consisted of 613 nucleotide sites and 
32 binary-coded indel sites (Table 2). TrN was selected as the best-fitting model. Because 
this model was not implemented in MrBayes, the second-best-fitting model, GTR, was used 
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for the BI analysis. The ML and BI analyses yielded an identical tree topology (Fig. 6). The 
PgiC phylogeny comprised two highly supported clades, ‘Japanese L. thunbergianus’ 
(MLBS = 97, BIPP = 1.0) and ‘L. tosaensis’ (MLBS = 98, BIPP = 1.0), and three distinct 
sequences corresponding to Japanese L. angustus, L. hachijoensis, and L. onoei.  
One or two alleles were identified in each diploid Lepisorus sample. All alleles from 
diploid L. thunbergianus samples belonged to the clade ‘Japanese L. thunbergianus’ (Fig. 
6). All of the alleles from the tetraploid L. tosaensis samples (shaded deep blue) were 
contained in the clade ‘L. tosaensis’. The samples of tetraploid L. thunbergianus were 
classified into two variants (variant 1, red-shaded samples in Fig. 4, and variant 2, 
green-shaded samples), based on the derivation of their alleles. Each variant 1 sample had 
two types of alleles: one was included in the clade ‘Japanese L. thunbergianus’, and the 
other was identical to that of Japanese L. angustus. Each variant 2 sample also had two 
alleles, one of which was in the clade ‘Japanese L. thunbergianus’ (as for variant 1), and 
the other was included in the clade ‘L. tosaensis’. Hexaploid L. mikawanus had three alleles. 
The first belonged to the clade ‘Japanese L. thunbergianus’, the second to the clade ‘L. 
tosaensis’, and the third was identical to that of Japanese L. angustus. 
 
Discussion 
 
Two alloteraploid species in L. thunbergianus and their origins 	 Parental origins of 
the tetraploid cytotypes in Japanese Lepisorus thunbergianus have been discussed in 
several studies. The phylogenetic analyses in the present study include samples of all three 
hypothesized parental diploid species: diploid L. thunbergianus (2n = 50), L. onoei (2n = 
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50), and L. angustus (2n = 52) (Mitsui et al. 1987; Serizawa and Aman 2011; Shinohara et 
al. 2010). In the cpDNA phylogenetic tree, all sequences from the tetraploid L. 
thunbergianus samples were located in the ‘Japanese L. thunbergianus’ clade, which 
included all sequences found in diploid L. thunbergianus (Fig. 5). Given the maternal 
inheritance of cpDNA in ferns (Gastony and Yatskievych 1992; Vogel et al. 1998), it is 
suggested that diploid L. thunbergianus distributed across Japan is the maternal ancestor of 
the tetraploids.  
The PgiC phylogenetic tree revealed that each tetraploid L. thunbergianus sample had two 
distinct alleles from different clades, suggesting allopolyploidy (Fig. 6). With respect to 
tetraploid L. thunbergianus variant 1, one PgiC allele was included in the Japanese L. 
thunbergianus’ clade and the other was identical to that of Japanese L. angustus samples 
(Fig. 6). Therefore, this variant is probably an allotetraploid species that originated through 
allopolyploidization between diploid L. thunbergianus in Japan and Japanese L. angustus 
(Fig. 7). The involvement of L. onoei in the origin of tetraploid L. thunbergianus (Takei 
1982) can be rejected because tetraploid L. thunbergianus did not have any PgiC alleles 
closely related to that of L. onoei (Fig. 6). This supports the conclusion of Shinohara et al. 
(2010). Variant 1 also includes two cytotypes, 2n = 100 and 2n = 102 (Table 1). The latter 
can be explained by the combination of the chromosomes of the hypothesized parents: 
diploid L. thunbergianus (2n = 50) in Japan and Japanese L. angustus (2n = 52) (Table 1, 
Figs. 2A and 2B). However, the cytotype 2n = 100 appears to be inconsistent with this 
parentage. As suggested by Shinohara et al. (2010), this cytotype may have originated 
secondarily from the cytotype 2n = 102, possibly through aneuploid gamete formation. The 
stipe color in most samples of variant 1 were dark brown or blackish (Fig. 8). Based on this 
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morphological feature, we concluded that this variant corresponds to the L. thunbergianus 
Blackish type in Serizawa and Aman (2011). We should note that both parental taxa of 
variant 1 are taxonomically problematic. The non-monophyly of L. thunbergianus was 
reported by Wang et al. (2010), and the present study has showed that L. angustus is also 
not monophyletic; the cpDNA sequence of Japanese L. angustus was placed in clade B, 
while that of Chinese L. angustus was in a sister subclade to the subclade ‘Japanese L. 
thunbergianus’ in clade A (Fig. 5). The constraints for both species therefore need to be 
revised in future studies. 
Because all alleles of the tetraploid L. tosaensis samples were included in the ‘L. tosaensis’ 
clade, it is suggested that the samples examined in this study have an autotetraploid origin. 
The alleles of tetraploid L. thunbergianus variant 2 were located in two clades, ‘Japanese L. 
thunbergianus’ and ‘L. tosaensis’ (Fig. 6). Therefore, this variant is an allotetraploid 
between diploid L. thunbergianus in Japan and an unknown diploid of L. tosaensis (Fig. 7). 
This hypothesis is supported morphologically; L. tosaensis and variant 2 share some 
morphological features, such as thick and broad lanceolate lamina and caespitose leaves 
(Fig. 8). In addition, all samples of variant 2 had green stipes. Therefore, this variant 
corresponds to the L. thunbergianus Green type in Serizawa and Aman (2011). As 
presented in Serizawa and Aman (2011), the 1C DNA values (15.4-15.8 pg) of variant 2 (= 
tetraploid Green type) are higher than those (13.9-14.5 pg) of variant 1 (= tetraploid 
Blackish type; Table 1).  
Multiple origins of polyploid species are common within the plant kingdom (Soltis et al. 
2014; Symonds et al. 2010) and have been reported for several polyploid homosporous 
ferns (Beck et al. 2012; Perrie et al. 2010; Sigel et al. 2014; Werth et al. 1985). In the 
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present study, we also confirmed that both allotetraploid Lepisorus species contained 
genetic variation derived from repeated events of allopolyploidization between respective 
parental species pairs. The PgiC alleles (shaded red) of tetraploid L. thunbergianus variant 
1 (Blackish type) in the ‘Japanese L. thunbergianus’ clade were separated into three distinct 
groups, two of which included alleles from diploid L. thunbergianus. It is likely that each 
of the groups reflects an independent allopolyploidization event (Fig. 6). In tetraploid L. 
thunbergianus variant 2 (Green type), the PgiC phylogeny showed that the alleles derived 
from diploid L. thunbergianus (green) were split into two highly supported clades. 
Therefore, it is likely that this variant underwent at least two independent 
allopolyploidization events. 
Although the diploid L. thunbergianus and the two allotetraploids that share diploid L. 
thunbergianus as one of the ancestral parents have always been treated as a single species, 
we found that they are morphologically distinct from each other and also from other related 
species, based on certain diagnostic characteristics, such as lamina shape, stipe color, and 
scales (Fig. 8). The holotype of L. thunbergianus (Kaulf.) Ching (UPS-THUNB 24513; 
http://cpthunberg.ebc.uu.se/specimens/24513) is identified as the diploid cytotype because 
it has more clustered leaves and a straw-colored stipe, relative to tetraploid L. 
thunbergianus variant 1, and a narrower lanceolate lamina and longer rhizome than 
tetraploid L. thunbergianus variant 2. Thus, we describe the two allotetraploids as new 
species, L. nigripes and L. kuratae, in the Taxonomic treatments section. 
 
Origins of hexaploid species, L. mikawanus 	 Lepisorus mikawanus Sa. Kurata was 
described by Kurata (1965) based on a sample collected in Aichi Prefecture, Japan. 
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Unfortunately, however, the type locality was lost during estate development, and a 
detailed taxonomical study on this species was not conducted until 2015 (Serizawa 2015). 
 In the present study, we showed that L. mikawanus is a hexaploid species with 
2n = 152 (Fig. 3). In the PgiC phylogeny (Fig. 6), the three alleles obtained from L. 
mikawanus were split into the ‘Japanese L. thunbergianus’ clade, the ‘L. tosaensis’ clade, 
and the branch ‘Japanese L. angustus’, suggesting that L. mikawanus contains three 
different genomes. Based on this result, two scenarios for the origin of L. mikawanus are 
presented here. The first is that L. mikawanus originated through allopolyploidization 
between Japanese L. angustus and tetraploid L. thunbergianus variant 2 (L. kuratae). The 
second is that they have a hybrid origin between ancestral diploid L. tosaensis and 
tetraploid L. thunbergianus variant 1 (L. nigripes). The cpDNA phylogeny revealed that the 
sequence from L. mikawanus formed a clade with those of variant 1 (Fig. 3). Furthermore, 
L. mikawanus shares two PgiC alleles with some individuals of tetraploid L. thunbergianus 
of the Blackish type (L. thunbergianus 15, 16, and 17; Fig. 4). Therefore, the latter 
hypothesis is more plausible (Fig. 7), although the diploid cytotype of L. tosaensis is 
unknown.  
 
Taxonomical trearments 
Lepisorus kuratae T. Fujiw., Seriz., et Watano. sp. nov. 
An allotetraploid species that originated from hybridization between L. thunbergianus and 
the ancestral diploid race of L. tosaensis; differs from the former by thinner laminae and 
dentate blade scales, and from L. tosaensis by thicker rhizomes, thicker laminae and medial 
sori. 
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 Epiphytic perennials. Rhizomes shortly creeping, 2-3 mm in diameter; rhizome 
scales dark brown, lanceolate and with broad, transparent wings on both sides of the base, 
2-4 mm long and 1 mm wide, dentate at the margin. Leaves clustered; stipes straw colored 
or greenish, 0.3-1 cm long and 1-1.2 mm in diameter; laminae simple, linear, or narrowly 
lanceolate, 9-20 cm long and 0.6-1.5 cm wide, usually widest at the middle, light green, 
thick cartaceous or thin leathery; blade scales broadly lanceolate, dentate at the margin, 
acuminate at the apex. Sori medial, orbicular, suborbicular, or oblong, 2.5-3 mm in 
diameter, sometimes confluent with adjacent sori; paraphyses orbicular, brown or dark 
brown, and clathrate, sometimes opaque in the central parts. Chromosome number: 2n = 
100 
Holotype. Pref. Osaka: Nagaredani, Kawachinagano-shi; alt. ca. 300 m (T. Fujiwara no. 
15040927, TNS, Fig. 9A, L. thunbergianus 23 in this study). 
Distr. Japan (Honshu, Shikoku) 
 
 Lepisorus nigripes  T. Fujiw., Seriz. et Watano. sp. nov. 
An allotetraploid species that originated from hybridization between L. thunbergianus and 
Japanese L. angustus; differs from the former by rather distant leaves and longer and 
usually blackish stipes, and from the latter by thicker rhizomes, lanceolate and narrowly 
acuminate rhizome scales, and broader lamina. 
  Epiphytic perennials. Rhizomes rather widely creeping, 2-3 mm in diameter; 
rhizome scales dark brown, lanceolate and with narrow transparent wings on both sides of 
the base, 3-5 mm long and approximately 1 mm wide, slightly dentate at the margin. 
Leaves rather distant; stipes dark brown or (rarely) straw colored, 0.5-4 cm long and 1-1.5 
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mm in diameter; laminae simple, linear, or narrowly lanceolate, 7.5-24 cm long and 0.5-1.2 
cm wide, usually widest at or above the middle, dark green, leathery, or thick leathery; 
blade scales lanceolate, dentate at the margin, acuminate at the apex, darkened in the apical 
parts. Sori medial, orbicular, or suborbicular, 1-2.5 mm in diameter; paraphyses orbicular 
or suborbicular, dark brown and clathrate, opaque in the central parts. Chromosome 
number: 2n = 100 or 102. 
Holotype: Pref. Yamanashi: Nagasaka, Hokuto-shi; alt. ca. 690 m (T. Fujiwara 
no.16040605, TNS, Fig. 9B, L. thunbergianus 11 in this study, 2n = 102) 
Distr. Japan (Hokkaido, Honshu, Shikoku, Kyushu) and the Ryukyu Islands (Tokunoshima 
Isl.). 
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Table. 1. Locations, ploidy levels, chromosome numbers and genomic DNA amounts of 
Lepisorus materials collected in this study. Locality numbers in parentheses correspond to 
those in Fig. 1. Ploidy level of each sample was estimated based on spore size measurement 
and chromosome counts. #, ploidy level of L. hachijoensis was given based on Mitui 
(1971). 
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Taxon and sample ID Locality (Locality number) Ploidy Chromosome 
number 
Genome 
size (pg/C) 
Lepisorus angustus     
L. angustus 1 Kitashiobara, Yama-gun, Fukushima (4) 2x - - 
L. angustus 2 Sudama, Hokuto, Yamanashi (11) 2x 2n= 52 6.7 
L. hachijoensis Hachijo Is., Tokyo (9) 2x# - - 
L. mikawanus Hasso, Inuyama, Aichi (13) 6x 2n= 152 20.6 
L. onoei Mt Ihara, Itojima, Fukuoka (22) 2x - - 
L. thunbergianus (2x)     
L. thunbergianus 1 Yayoi-cho, Inage, Chiba, Chiba (6) 2x 2n= 50 7.9 
L. thunbergianus 2 Minato, Futtsu, Chiba (7) 2x - - 
L. thunbergianus 3 Kawadu-cho, Kamo, Shizuoka (10) 2x 2n= 50 8 
L. thunbergianus 4 Ichihara, Kikuchi, Kumamoto (23) 2x - - 
L. thunbergianus 5 Satuma-cho, Satuma, Kagoshima (24) 2x - - 
L. thunbergianus (4x) variant 1 ( L. nigripes sp. nov.)    
L. thunbergianus 6 Fukaura-cho, Aomori (1) 4x 2n=102 14.5 
L. thunbergianus 7 Tazawa, Senhoku, Akita (2) 4x 2n=102 14.4 
L. thunbergianus 8 Genbi-machi ,Ichinoseki, Iwate (3) 4x - 14.0 
L. thunbergianus 9 Minato, Futtsu-shi, Chiba (7) 4x - - 
L. thunbergianus 10 Juunisho, Kamakura, Kanagawa (8) 4x - 14.1 
L. thunbergianus 11 Nagasaka, Hokuto, Yamanashi (12) 4x 2n=102 14.0 
L. thunbergianus 12 Kouyasan, Kouya, Wakayama (15) 4x 2n=100 - 
L. thunbergianus 13 Nagaredani, Kwachinagano, Osaka (16) 4x - - 
L. thunbergianus 14 Kokuhu-cho, Takayama, Gifu (18) 4x 2n=102 14.0 
L. thunbergianus 15 Higatani, Miyadu, Kyoto (19) 4x 2n=102 - 
L. thunbergianus 16 Mt. Kubote, Buzen, Fukuoka (21) 4x 2n=102 14.3 
L. thunbergianus 17 Mt. Ihara, Itojima, Fukuoka (22) 4x 2n=100 13.9 
L. thunbergianus (4x) variant 2 ( L. kuratae sp. nov.)    
L. thunbergianus 18 Torinome, Nasusiobara-shi, Tochigi (5) 4x - 15.4 
L. thunbergianus 19 Inage-ku, Chiba-shi, Chiba (7) 4x 2n = 100 15.7 
L. thunbergianus 20 Juunisho, Kamakura, Kanagawa (9) 4x - - 
L. thunbergianus 21 Toyama, Toyama-shi, Toyama (18) 4x - - 
L. thunbergianus 22 Hasso, Inuyama, Aichi (13) 4x - 15.8 
L. thunbergianus 23 Nagaredani, Kwachinagano, Osaka (17) 4x - - 
L. tosaensis     
L. tosaensis 1 Momozaki, Kumano-shi, Mie (15) 4x 2n=100 17.4 
L. tosaensis 2 Yabakei-machi, Nakatsu-shi, Oita (21) 4x - - 
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Table. 2. Statistics and best-fitting model for the each dataset for phylogenetic analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
Dataset No. of 
sequences 
Included sites Variable sites Model for Garli Models for 
MrBayes 
rbcL 51   1,134   64   GTR GTR 
rps4-trnS 51   1,009   111   partitioined partitioined 
   nucleotide sites  995 97 TPM1uf+G SYM+G 
   indel sites  14 14 Mkv Mkv 
cpDNA combined 51   2,143   175   partitioined partitioined 
PgiC 56   643   171   partitioined partitioined 
   nucleotide sites  611 139 TrN GTR 
   indel sites  32 32 Mkv Mkv 
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Fig. 1. Collection sites of Lepisorus thunbergianus and related species in Japan. 
Numbers on this map correspond to locality numbers in Fig. 1. Symbols and colors 
represent ploidy levels and species examined in this study, respectively. Symbols: hexagon 
= hexaploid, square = tetraploid, triangle = diploid. Colors: yellow = L. mikawanus, red = 
tetraploid L. thunbergianus variant 1 [=L. nigripes], light green = tetraploid L. 
thunbergianus variant 2 [=L. kuratae], blue = L. tosaensis, orange = L. angustus, light blue 
= diploid L. thunbergianus, dark purple = L. onoei, purple = L. hachijoensis. 
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Fig. 2. Mitotic metaphase chromosomes of Lepisorus thunbergianus and L. angustus. 
Chromosome counts, sample ID and voucher specimen in TNS are given in parentheses. A 
and F, diploid Lepisorus thunbergianus (2n = 50, L. thunbergianus 1, FT1603163); B and 
G, L. angustus (2n = 52, L. angustus 2, FT15111510); C and H, tetraploid L. thunbergianus 
variant 1 [=L. nigripes] (2n = 100, L. thunbergianus 12, FT1604107); D and I, tetraploid L. 
thunbergianus variant 1 [=L. nigripes] (2n = 102, L. thunbergianus 13, FT16040921); E 
and J, tetraploid L. thunbergianus variant 2 [=L. kuratae] (2n =100, L. thunbergianus 19, 
FT16040927). Scale bar = 10µm. 
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Fig. 3. Mitotic metaphase chromosomes of Lepisorus toasensis and L. mikawanus. 
Chromosome counts, sample ID (if multiple samples are collected for the species) and 
voucher specimen in TNS are given in parentheses. A and C, Lepisorus toasensis (2n = 100, 
L. tosaensis 1, FT16120210); B and D, L. mikawanus (2n = 152, FT16120817). Scale bar = 
10µm. 
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Fig. 4. Boxplots demonstrating the spore length of each specimen. In each boxplot, a 
thick line, edges of the box, whiskers, and circles indicate the median value, the lower and 
upper quartiles, the minimum and maximum values, and outliers, respectively. The samples 
of which ploidy levels were determined by chromosome counts or flow cytometry were 
shown by boxes with light gray (diploid), dark gray (tetraploid), or black color. 
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Fig. 5. The maximum likelihood tree for the combined cpDNA dataset of rbcL and 
rps4-trnS. Thickest lines indicate strong support (MLBS >= 80 and BIPP = 1.0), middle 
thick lines indicate moderate support (MLBS >= 80 and BIPP = 0.99) and thin lines 
indicate weak support (MLBS < 80 or BIPP < 0.99). Support values are given as MLBS / 
BIPP. The symbols before taxon names denote ploidy levels: triangle = diploid, square = 
tetraploid, and hexagon = hexaploid. The numbers after taxon names are given to 
distinguish multiple accessions of species (Table 1). The samples collected in this study are 
colored according to the legend given. 
 
0.0040
■ L. thunbergianus  23
■ L. thunbergianus 12
▼ L. thunbergianus  2
L. monilisorus Taiwan; H.M. Zhang 20050117 (PE)
L. elegans Yunnan; Zhang 4444 (PE)
■ L. thunbergianus  20
▼ L. thunbergianus  1
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L. lewisii Anhui; Y Liu 05620 (PE)
 L. affinis Cult. SZBG; Zhang 4219 (PE)
■ L. tosaensis 2
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L. sinensis Yunnan, China; Shui 81069 (PE)
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Fig. 6. The maximum likelihood tree of single copy nuclear gene, PgiC. Thickest lines 
indicate strong support (MLBS >= 80, BIPP = 1.0), middle thick lines indicate moderate 
support (MLBS >= 80, BIPP = 0.99) and thin lines indicate weak support (MLBS < 80 or 
BIPP < 0.99). Support values are given as MLBS / BIPP. The symbols before taxon names 
denote ploidy levels: triangle = diploid, square = tetraploid and hexagon = hexaploid. The 
numbers after taxon names are given to distinguish multiple accessions of species (Table 1). 
A, B and C at the last of sample names are given to distinguish multiple alleles detected in 
each individual (Table 1). Tetraploid or hexaploid samples are shown by the same 
coloration pattern used in the cpDNA tree (Fig. 5). 
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Fig. 7. Hypothesis on the reticulate evolution in the Lepisorus thunbergianus complex in 
Japan. Sorid lines indicate the nuclear DNA contribution and the dotted lines indicate the 
cpDNA contribution. 
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Fig. 8. Morphological characters of each Lepisorus species in this study. From left, 
diploid L. thunbergianus (L. thunbergianus 4, FT1503173), L. angustus (L. angustus 2, 
FT15111510), L. tosaensis (L. tosaensis 1, FT16120210), tetraploid L. thunbergianus 
variant 1 [=L. nigripes] (L. thunbergianus 12, FT1604107), tetraploid L. thunbergianus 
variant 2 [=L. kuratae](L. thunbergianus 20, FT1502215), L. mikawanus (FT16120817). 
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Fig. 9. A, Lepisorus kuratae (T. Fujiwara 15040927) and B, Lepisorus nigripes (T. 
Fujiwara 16040605) 
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A
ppendix 1 
Taxon 
Sam
ple ID
 
A
ccession N
o. 
V
oucher  
rbcL 
rps4-trnS 
PgiC
 
Lepisorus angustus C
hing 
 
G
Q
256290
† 
G
Q
256364
† 
- 
S. H
. Shen S25 (PE) 
 
L. angustus 1 
LC
331918 
LC
332087 
LC
332141 
T. Fujiw
ara 15032621 (TN
S) 
 
L. angustus 2 
LC
331919 
LC
332088 
LC
332142 
T. Fujiw
ara 15111510 (TN
S) 
Lepisorus affinis C
hing 
 
G
Q
256256
† 
G
Q
256328
† 
- 
Zhang 4219 (PE) 
Lepisorus boninensis C
hing 
 
G
Q
256262
† 
G
Q
256335
† 
- 
TB
G
 acc. 54022 
Lepisorus contortus C
hing 
 
G
Q
256265
† 
G
Q
256338
† 
- 
Zhang 5204 (PE) 
Lepisorus confluens W
.M
. C
hu 
 
G
Q
256264
† 
G
Q
256337
† 
- 
C
. D
. X
u s.n. (PE) 
Lepisorus elegans C
hing et W
.M
. C
hu 
 
G
Q
256268
† 
G
Q
25634
† 
- 
Zhang 4444 (PE) 
Lepisorus hachijoensis Sa. K
urata 
 
LC
331915 
LC
332084 
LC
332113 
T. Fujiw
ara 14090404 (TN
S) 
Lepisorus heterolepis (R
osenst.) C
hing 
 
G
Q
256270
† 
G
Q
256344
† 
- 
Zhang 5064 (PE) 
Lepisorus lew
isii (B
aker) C
hing 
 
G
Q
256273
† 
G
Q
256347
† 
- 
Y
 Liu 05620 (PE) 
Lepisorus linearform
is C
hing et S.K
. W
u 
 
G
Q
256276
† 
G
Q
256350
† 
JQ
806516
‡ 
Zhang 4771 (PE) 
Lepisorus m
edogensis C
hing et Y
.X
. Lin 
 
G
Q
256282
† 
G
Q
256356
† 
- 
Z.D
. Fam
g X
Z-266 (PE) 
Lepisorus m
ikaw
anus Sa. K
urata 
 
LC
331943 
LC
332112 
LC
332137 
T. Fujiw
ara 16120817 (TN
S) 
LC
332161 
LC
332143 
Lepisorus m
onilisorus (H
ayata) Tagaw
a 
 
G
Q
256283
† 
G
Q
256357
† 
- 
H
.M
. Zhang 20050117 (PE) 
Lepisorus obscurevenulosus (H
ayata) C
hing 
 
G
Q
256286
† 
G
Q
256360
† 
- 
Zhang 4151 (PE) 
Lepisorus oligolepidus (B
aker) C
hing 
 
G
Q
256287
† 
G
Q
256361
† 
- 
Zhang 5082 (PE) 
Lepisorus onoei (Franch. et Sav.) C
hing 
 
LC
331914 
LC
332083 
LC
332114 
T. Fujiw
ara 15032527 (TN
S) 
Lepisorus sinensis (C
. C
hr.) C
hing 
 
G
Q
256296
† 
G
Q
256370
† 
- 
Shui 81069 (PE) 
Lepisorus sordidus C
hing 
 
G
Q
256297
† 
G
Q
256371
† 
- 
Zhang 0612 (PE) 
Lepisorus subconfluens C
hing 
 
G
Q
256299
† 
G
Q
256373
† 
- 
Zhang 4518 (PE) 
Lepisorus thunbergianus (K
aulf) C
hing 
 
G
Q
256304
† 
G
Q
256380
† 
- 
K
oichi O
hora 2005042404 
(TI) 
 
 
G
Q
256305
† 
G
Q
256381
† 
- 
Zhang 5205 (PE) 
 
L. thunbergianus 1 
LC
331923 
LC
332092 
LC
332121 
T. Fujiw
ara 16031603 (TN
S) 
 
L. thunbergianus 2 
LC
331920 
LC
332089 
LC
332138 
T. Fujiw
ara 15022707 (TN
S) 
 
LC
332127 
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Taxon 
Sam
ple ID
 
A
ccession N
o. 
V
oucher  
rbcL 
rps4-trnS 
PgiC
 
Lepisorus thunbergianus (K
aulf) C
hing 
L. thunbergianus 3 
LC
331924 
LC
332093 
LC
332123 
T. Fujiw
ara 15122514 (TN
S) 
 
L. thunbergianus 4 
LC
331921 
LC
332090 
LC
332125 
T. Fujiw
ara 15031703 (TN
S) 
 
L. thunbergianus 5 
LC
331922 
LC
332091 
LC
332129 
T. Fujiw
ara 15032207 (TN
S) 
 
LC
332128 
Lepisorus thunbergianus 4x variant 1  
= L. nigripes T. Fujiw
.et Seriz. 
6 
LC
331935 
LC
332104 
LC
332152 
T. Fujiw
ara 16060503 (TN
S) 
LC
332117 
  
L. thunbergianus 7 
LC
331933 
LC
332102 
LC
332153 
T. Fujiw
ara 16060706 (TN
S) 
LC
332118 
 
L. thunbergianus 8 
LC
331934 
LC
332103 
LC
332154 
T. Fujiw
ara 16060811 (TN
S) 
 
LC
332139 
 
L. thunbergianus 9 
LC
331927 
LC
332095 
LC
332155 
T. Fujiw
ara 15022705 (TN
S) 
 
LC
332119 
 
L. thunbergianus 10 
LC
331925 
LC
332094 
LC
332144 
T. Fujiw
ara 15022104 (TN
S) 
 
LC
332140 
 
L. thunbergianus 11 
LC
331931 
LC
332099 
LC
332145 
T. Fujiw
ara 16040603 (TN
S) 
 
LC
332115 
 
L. thunbergianus 12 
LC
331932 
LC
332101 
LC
332146 
T. Fujiw
ara 16041007 (TN
S) 
LC
332112 
 
L. thunbergianus 13 
LC
331926 
LC
332100 
LC
332147 
T. Fujiw
ara 16040919 (TN
S) 
 
LC
332120 
 
L. thunbergianus 14 
LC
331930 
LC
332098 
LC
332148 
T. Fujiw
ara 16030806 (TN
S) 
 
LC
332122 
 
L. thunbergianus 15 
LC
331936 
LC
332105 
LC
332149 
T. Fujiw
ara 16050602 (TN
S) 
 
LC
332130 
 
L. thunbergianus 16 
LC
331929 
LC
332097 
LC
332150 
T. Fujiw
ara 15032615 (TN
S) 
 
LC
332131 
 
L. thunbergianus 17 
LC
331928 
LC
332096 
LC
332151 
T. Fujiw
ara 15032520 (TN
S) 
 
LC
332132 
Lepisorus thunbergianus 4x variant 2  
= L. kuratae T. Fujiw
et Seriz. 
L. thunbergianus 18 
LC
331941 
LC
332110 
LC
332156 
T. Fujiw
ara 16102907 (TN
S) 
LC
332126 
 
L. thunbergianus 19 
LC
331940 
LC
332109 
LC
332157 
T. Fujiw
ara 16120601 (TN
S) 
 
LC
332124 
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Taxon 
Sam
ple ID
 
D
D
B
J A
ccession N
o. 
V
oucher  
rbcL 
rps4-trnS 
PgiC
 
Lepisorus thunbergianus 4x variant 2  
= L. kuratae T.Fujiw
. et Seriz. 
L. thunbergianus 20 
LC
331937 
LC
332106 
LC
332158 
T. Fujiw
ara 15022105 (TN
S) 
LC
332133 
 
L. thunbergianus 21 
LC
331938 
LC
332107 
LC
332159 
T. Fujiw
ara 16030603 (TN
S) 
 
LC
332134 
 
L. thunbergianus 22 
LC
331942 
LC
332111 
LC
332160 
T. Fujiw
ara 16040927 (TN
S) 
 
LC
332135 
 
L. thunbergianus 23 
LC
331939 
LC
332108 
LC
332164 
T. Fujiw
ara 16120811 (TN
S) 
 
LC
332136 
Lepisorus tibeticus C
hing et S.K
. W
u 
 
G
Q
256307
† 
G
Q
256383
† 
- 
Zhang 4694 (PE) 
Lepisorus tosaensis (M
akino) H
. Ito 
 
G
Q
256309
† 
G
Q
256385
† 
- 
Sayum
i Fujim
oto 
2005042904 (TI) 
 
L. tosaensis 1 
LC
331917 
LC
332086 
LC
332163 
T. Fujiw
ara 16120225 (TN
S) 
 
LC
332165 
 
L. tosaensis 2 
LC
331916 
LC
332085 
LC
332166 
T. Fujiw
ara 15032614 (TN
S) 
 
LC
332162 
Lepisorus uchiyam
ae (M
akino) H
. Ito 
 
G
Q
256310
† 
G
Q
256386
† 
JQ
806512
‡ 
Sayum
i Fujim
oto 
2005042902 (TI) 
TI: H
erbarium
 of Tokyo U
niversity; TN
S: H
erbarium
 of the N
ational M
useum
 of N
ature and Science; PE: C
hinese N
ational H
erbarium
 
†: sequences from
 W
ang et al. (2010)  
‡: sequences from
 W
ang et al. (2012) 
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CHAPTER III 
Independent Polyploidizations Shaped Geographical Genetic Structure 
and Initial Stage of Reproductive Isolation in an Allotetraploid Fern, 
Lepisorus nigripes (Polypodiaceae) in Japanese Archipelago. 
 
Introduction 
Polyploidization is an important phenomenon in diversification and speciation 
in plant kingdom (Otto, 2007; Soltis and Soltis, 2009). The researches in last two decades 
revealed that most of vascular plant lineages including ferns, gymnosperms and 
angiosperms have experienced at least one whole genome duplication event, namely 
ancient polyploiudization event (Jiao et al., 2011; Li et al., 2015; Clark et al., 2016). In 
addition, Wood et al. (2009) estimated that polyploidization per se was involved in 15% of 
speciation in angiosperms and 31% of ferns. Although it is clear that polyploidy is tightly 
linked to plant diversification and speciation, its evolutionary consequence remains still 
unclear in many respects. One of the unsolved problems is evolutionary consequence of 
recurrent origins. In traditional view, each polyploid species had been considered to have 
originated only once (a single origin). This is because polyploidization was regarded as 
very rare event (Stebbins, 1971). However, by advent of molecular approaches, it was 
revealed that each polyploid species originated recurrently from different parental 
genotypes (Soltis et al., 1993; Soltis and Soltis, 1999). Representative examples of 
recurrent origins of polyploid species are as follows: Tragopogon mirus and T. miscellus 
(Soltis and Soltis, 1989; Symonds et al., 2010), Arabidopsis kamchatica (Fisch. ex DC.) K. 
Shimizu & Kudoh (Shimizu-Inatsugi et al., 2009),  Aegilops L. (Meimberg et al., 2009), 
Asplenium gracillimum and A. hookerianum (Perrie et al., 2010), Asplenium majoricum 
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Litard. (Hunt et al., 2011), and Polypodium hesperium Maxon (Sigel et al., 2014 ). Multiple 
origins contribute to the increase of genetic diversity within polyploid species, facilitating 
ecological adaptation and evolutionary success (Meimberg et al., 2009). For two decades, 
however, it remains an open question whether independent lineages with different origins 
have different evolutionary potentials, ultimately forming cryptic species, or interbreed 
each other (Soltis and Soltis, 2000, 2009; Soltis et al., 2014). One research on Mimulus 
(Modliszewski and Willis, 2012) revealed that separate origins were interfertile, while other 
suggested that independent lineages with different origins formed to distinct species (Perrie 
et al., 2010). At the present stage, however, the researches that examined genetic 
differentiation and gene flow between independent origins in poplyploid species are very 
few (Espinoza and Noor, 2002; Perrie et al., 2010; Symonds et al., 2010). 
In the previous chapter, an allopolyploid epiphytic fern, Lepisorus nigripes, 
was discriminated from L. thunbergianus sensu lato and described as a new species. It is 
widely distributed throughout Japanese archipelago, from Hokkaido to the Yaku Island, 
Kyushu, and grows on rock and tree trunks. Allozyme analysis (Shinohara et al., 2010) and 
nuclear gene phylogeny (Chapter II; Fujiwara et al., in prep) indicated that L. nigripes is an 
allotetraploid species (2n = 100 and 102) between L. thunbergianus (2n = 50) and L. 
angustus (2n = 52). Lepisorus nigripes and its parental species show different habitat 
preferences. The difference of geographical distribution pattern between diploid (L. 
thunbergianus sensu strict) and tetraploid cytotypes (L. nigripes) were well-studied 
throughout Japanese main lands (Takei, 1978; Nakato et al., 1983; Mitsui et al., 1987). 
Lepisorus thunbergianus sensu stricto is distributed in coastal and low land regions of the 
southern part of Japan, from Kanto district to Okinawa Pref. While L. nigripes shows more 
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northerly geographic distribution from Hokkaido to Kagoshima Pref., and tends to grow in 
more inland and higher altitude areas on the same latitude (Nakato et al. 1983). However, 
the two species frequently co-occur and produce sterile triploid hybrids. Another parental 
species of L. nigripes, L. angustus shows more restricted distribution, growing at the 
elevations ranging from 1000 to 2000 m in mountain region of the Honshu Island (Kurata, 
1965). This species never co-occurs with L. thunbergianus and L. nigripes.  Phylogenetic 
analysis indicated that L. nigripes has been originated recurrently, at least four times 
(Fujiwara et al., in prep). However, this study might underestimate the number of origins, 
due to small sample size (12 individuals) and using only a nuclear gene marker.  
Here, we employ population genetic approaches using four single copy nuclear 
genes and a plastid gene to show population genetic structure along Japanese archipelago 
and to examine whether the populations of different origins forms reproductively isolated 
lineages. The number of independent origins were assessed by the phylogenetic analyses of 
the genes. 
 
Material & Methods 
Plant collection  To cover its known distribution, a total of 352 samples of Lepisorus 
nigripes was collected from 51 populations (Table. 1). Lepisorus nigripes is 
morphologically similar to its parental diploid species, L. thunbergianus. Additionally, 
these two species frequently co-occur and easily hybridize to each other, producing triploid 
hybrids. We found that L. nigripes can be distinguished from L. thunbergianus on the basis 
of spore size and morphology of leaf scales (Chapter II). Leaf scales of L. nigripes are 
lanceolate attenuating toward apex, while those of L. thunbergianus are ovate. For also 
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avoiding triploid hybrids between L. nigripes and L. thunbergianus sensu stricto, spore 
morphology was used. Sporangia of the triploid hybrid are highly abortive and mostly do 
not produce variable spores. Therefore, individuals with abortive sporangia were removed. 
For phylogenetic analyses, the two parental species, eleven samples of L. angustus and 
twelve of L. thunbergianus were collected in several localities (Appendix 1) 
 
DNA extraction, PCR amplification and nucleotide sequencing  Total genomic DNA 
was extracted from the silica gel-dried sample using the CTAB method (Doyle and Doyle 
1987). For single-copy nuclear genes, we selected four genes, PgiC (cytosolic 
phosphoglucose isomerase), GapCp (NAD-dependent glyceraldehyde-3-phosphate 
dehydrogenase) and pTPI (plastidic triose phosphate isomerase) (Table. 2). Intron 15 of 
PgiC was amplified using the primers designed in Chapter II (Fujiwara et al., in prep) for 
phylogenetic analysis of Lepisorus species. For GapCp, we used a forward primer 
(GAPCP_ POL_8F) that newly designed based on the sequence of Polypodium amorphum 
(KJ748228) presented in Sigel et al. (2014), and a reverse primer (ESGAPCP11R1) in 
Schuettpelz et al. (2008), to amplify intron 8 – 10 of the gene. For pTPI, we developed the 
new primer sets to amplify intron 5 of the gene, based on the sequence of 
scaffold-YLJA-2013048-Polypodium_amorphum, which was obtained by a BLASTn 
search of the 1KP project database using the plastidic triose phosphate isomerase gene of 
Arabidopsis thaliana (L.) Heynh. (AT2G21170) as a query. PCR thermocycling conditions 
involved initial denaturation at 94 °C for 3 min, followed by 35 cycles at 94 °C for 45 s, or 
54°C for 45 s , 72°C for 90 s, and a final extension at 72 °C for 7 min. An chloroplast DNA 
region, an intergenic spacer between rps4 and trnS (hereafter rps4-trnS) was amplified 
                              129 
12
9 
12
9

 
12 9 
using the primers, rps4_PTER_F and trnS_PTER_R1 (table 2). PCR thermocycling 
conditions for rps4-trnS involved initial denaturation at 94 °C for 3 min, followed by 35 
cycles at 94 °C for 45 s, 56 °C for 45 s, 72 °C for 90 s, and final extension at 72 °C for 7 
min.  
 In order to separate allelic variants of each nuclear genes, we conducted 
single-strand conformation polymorphism (SSCP) gel electrophoresis of PCR products, 
generally following the methods of Jaruwattanaphan et al. (2013) and Fujiwara et al. (2017). 
A part of the DNA band separated on SSCP gel was cut out, and DNA extracted from the 
band was used as a template for further PCR amplification (Jaruwattanaphan et al., 2013).  
 For DNA sequencing, the PCR products were purified using Illustra ExoStar 
1-Step (GE Healthcare, Chicago, Illinois, USA) and used as templates for direct sequencing. 
Cycle sequencing was conducted with a BigDye Terminator version 3.1 cycle sequencing 
kit (Applied Biosystems, Foster City, California, USA). The sequence products were 
analyzed by an ABI3500 genetic analyzer (Applied Biosystems) and also partly by 
Eurofins Genomics (Tokyo, Japan). 
 
Multi-locus genotype analyses  To distinguish homeologous loci (a pair of loci derived 
from two parental genomes) in each of allotetraploid Lepisorus nigripes individuals, we 
estimated genetic distances between DNA sequences from allotetraploids and those of L. 
angustus, based on Kimura’s 2 parameter model (Kimura, 1980) implemented in MEGA7 
(Kumar et al., 2017). For individuals with two sequences (putative homozygote at both 
homeologous loci), the sequence closer to L. angustus sequences were considered to be 
coded at the L. angustus-derived locus (designated as ‘ang’ locus), and the other at the L. 
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thunbergianus-derived locus (designated as ‘thu’ locus). Although some L. nigripes 
individuals had three or four different sequences, all of these sequences were found in the 
individual having two sequences. Therefore, each of these sequences were assigned to ‘ang’ 
locus or ‘thu’ locus, based on the result of classification for the individual having two 
sequences. 
 The summary statistics for genetic diversity, percentage of polymeric loci (P99), 
number of alleles (A), observed Heterozygosity (Ho) and expected Heterozygosity (He), for 
each population over all loci were calculated in GDA ver 1.1 (Lewis and Zaykin, 2001). 
Level of inbreeding for each population was estimated by calculating Wright’s fixation 
index (FIS), as implemented in FSTAT v. 2.9.3 (Goudet, 2001). Weir and Cockerham’s 
F-statistics (Weir and Cockerham, 1984) were calculated using FSTAT v. 2.9.3. to see 
overall level of genetic differentiation among populations. 
 Population genetic structure analysis was also conducted by Bayesian 
clustering method based on multilocus genotype in nuclear gene loci. Masuyama et al. 
(1987) suggested high gametophytic selfing ability of L. nigripes, based on the observation 
that nearly all of the gametophytes can form sporophytes in isolated culture condition. In 
fact, as mentioned in the Result section of this chapter, genotype data showed the excess of 
homozygosity, suggesting that L. nigripes is a predominantly selfing species. Although 
STRUCTURE (Pritchard et al., 2000) is the most commonly used software for Bayesian 
genetic clustering, it assumes random mating within populations. Instead of it, therefore, 
we employed InStruct (Gao et al., 2007), which do not assume random mating, and also can 
infer selfing rates in each of clusters. The model was run with the likely number of clusters 
(K) set to values from 1 to 10, using a burn-in of 300,000 MCMC iterations followed by 
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600,000 MCMC iterations and ten independent chains were run for each K. Optimal K was 
determined based on delta K metod (Evanno et al., 2005). Cluster assignments were 
executed using CLUMPP (Jakobsson and Rosenberg, 2007) and the result was illustrated 
using DISTRUCT (Rosenberg, 2004).  
In order to discriminate between pure and admixed individuals at optimal 
number of K, we used the results of cluster assignments (Q-matrix) generated by InStruct. 
We assigned individuals with q values of 95 % and more into non-admixed ones and q < 
95% into admixed ones. Additionally, NewHybrids (Anderson and Thompson, 2002) was 
used to classify individual as pure individual, F1, F2 or backcrosses based on the default 
genotype categories. The analysis was run for 50,000 sweeps after a burn-in period of 
10,000 sweeps.  
 Agglomerate method was performed using neighbor-net (Bryant and Moulton, 
1987) to assess the relationship of MLGs. Pairwise genetic distance matrices among MLGs 
were generated using Kosman & Leonard´s similarity index (Kosman and Leonard, 2005), 
as implemented in R package, ‘PopGenReport’ (Adamack and Gruber, 2014). Neighbor-net 
was generated based on pairwise genetic matrices using SPLITSTREE4 (Huson and Bryant, 
2006).   
 
Phylogenetic analyses  For plastid gene phylogeny, the sequences determined in the 
present study and those of 17 Lepisorus species (Wang et al. 2010) obtained from INSD 
were aligned using the ClustalW algorithm (Thompson et al., 1994) implemented in Bioedit 
(Hall, 1999), and the resultant multiple alignment was edited manually in Bioedit. INSD 
accession numbers of the sequenced used are shown in Appendix 1. For plastid and nuclear 
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genes, Indels generated by insertion or deletion events were coded as binary data using the 
"simple index coding” method (Simmons and Ochoterena, 2000) by using IndelCoder 
option of the software SeqState 1.4.1 (Müller, 2005). Binarized characters were added to 
the alignments and the corresponding sites with gaps were excluded as missing data. Only 
one sequence for each haplotype was included in the each dataset. For phylogenetic 
analysis, datasets of the two cpDNA regions and each nuclear genes, PgiC, GapCp and 
pTPI, were separately analyzed by maximum likelihood (ML) method using Garli 2.01 
(Zwickl, 2006) and Bayesian inference (BI) using MrBayes v 3.1.2haru . The best fitting 
substitution model for each DNA region was determined using Akaike information criteria 
(AIC) (Akaike, 1974) in jModelTest (Posada, 2008). For binary-coded data, the Mkv model 
(Lewis, 2001) was applied. In the ML analysis, eight independent runs were performed 
with random started trees and ‘genthreshfortopoterm’ set to 100,000. The maximum 
likelihood bootstrap support (MLBS) values are assessed using 500 bootstrap 
pseudo-replicate data sets. The consensus tree of bootstrap replicates was obtained using 
SumTrees (Sukumaran and Holder, 2010).  In the BI analysis, four MCMC chains were 
run for 3,000,000 generations with samples taken every 100 generations. For evaluating 
convergence, Tracer 1.6 (Rambaut and Drummond, 2013) was used. The first 500,000 
generations were discarded as burn-in.  
 
Observation of spore morphology   In order to examined spore fertility of each 
individual, proportion of normal spores per sporangium was estimated for the following 
samples: 11 F1 individuals (from six populations) between different genetic clusters, ten 
non-admixed individuals (from six populations) with heterozygous genotypes, and 17 
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non-admixed individuals (from 17 populations) with homozygous genotype. At least five 
sporangia per sample were examined. Each sporangium was transferred to a glycerol 
solution (glycerol : water =3:1) on a slide grass and spores were forcibly discharged from 
each sporangium by using a dissecting needle. The number of normal spores per 
sporangium for each sample was counted: shrunken small spore and transparent spore were 
interpreted as abnormal spore based on the criterion of Masuyama et al., (2002). Lepisorus 
nigripes usually produces 64 spores per sporangium. Therefore, the extent of fertility was 
defined as the number of normal spores over 64. The differences among F1 hybrids, 
heterozygous and homozygous non-admixed individuals were tested using Steel-Dwass test, 
performed in R (R Development Core Team, 2013). 
 
Result 
Multi-locus genotyping   In nuclear DNA markers, nearly all of samples showed 
heterozygous SSCP banding patterns at three of four nuclear genes, PgiC, GapCp and pTPI. 
Pairwise genetic distances between each sequence from samples of L. nigripes and the 
sequences from L. angustus were calculated for each gene (Table 3). As for PgiC, GapCp 
and pTPI, we obsearved that each individual had two sequences, one sequence more close 
to those of L angustus and the other more distant. Each of sequences found in L. nigripes 
was successfully assigned to ang-locus or thu-locus (Table 3). After all, we obtained 
sequences at six loci in three nuclear genes: each of homeologous loci of PgiC, GapCp and 
pTPI. Polymorphisms were found in all loci examined. The number of alleles at each locus 
ranged from two (PgiC-ang, pTPI-thu, pTPI-ang) to 12 (PgiC-thu) (Table 3). Combining 
genotypes at seven loci yielded 51 multi-locus genotypes (MLGs) in a total of 352 samples.  
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A FST value of 0.602 (95% Confidence interval (CI): 0.541 – 0.658) was estimated for total 
populations, suggesting high levels of population differentiation and low genetic variations 
within populations. A FIS value for total populations was high (0.735, CI from 0.702 to 
0.775) and inbreeding coefficients (f) for each population ranged from -0.134 to 1.0, with a 
mean value of 0.747 (Table 1). These results indicated a deficit of heterozygotes within 
populations, suggesting high levels of inbreeding.  
InStruct result indicated clear population genetic structure among populations 
in L. nigripes (Fig. 1). ∆K method suggested that K = 2 was the optical number of 
clustering (Fig. 1C). At K = 2, one cluster included of most individuals form northern 
Honshu to central Honshu, and part of individuals from western Honshu and Shikoku, 
whereas other cluster comprised individuals from Shikoku and Kyushu, and part of 
individuals from central and western Honshu (Fig. 1A). As we increase K, although each of 
two cluster at K =2 were separated into additional clusters, distinctness between the two 
clusters at K=2 always kept maintained (Fig. 1A). The membership coefficients to the two 
clusters (Q-values) was plotted on the map (Fig. 2). It is clear that L. nigripes shows the 
pattern of east-west genetic differentiation, although the individuals of the both cluster were 
commonly observed in the Kii Peninsula and the Shikoku Island. Hereafter, we call the 
individual belonging to the blue cluster as East-type and the individual of the yellow cluster 
as West-type (Fig. 2). The bar plot ordered by Q-Matrix at K =2 indicated that admixed 
individuals (Q-values within the range of 5 - 95%) were relatively limited (34 individuals), 
despite of the fact that the two clusters co-existed in the wide transitional zone (Figs. 2 and 
3). Among the admixed individuals, 16 individsuals were interpreted as F1 hybrid between 
East- and West-types (Table. 4) and remainder could be F2 or backcrossing ones. The 
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admixed individuals always co-exist with East and/or West type within populations and 
there was no case that a population consisted of only admixed individuals (Fig. 1 and 2). 
On the other hand, NewHybrids (Anderson and Thompson, 2002) assigned 18 individuals 
as F1 Hybrids with high probability (>0.9) (Fig. 3). Most of recombinant genotypes of 
admixed individuals inferred in Q-Matrix of InStruct were interpreted as pure strains, 
East-type or West-type in NewHybrids. Only two individuals (MLG35 and 43) were 
assigned into F2 or Backcrossing with relatively higher probabilities than other individuals. 
For assessing the relationship among MLGs, neighbor-net was constructed (Fig. 
4). The MLGs of East-type and those of West-type were separated into two different groups 
respectively, consistent with the result of InStruct. Most of the MLGs from admixed 
individuals located in the midway between the two groups and others were nested in each 
group. This result indicated East- and West-type were genetically well-differentiated 
groups. 
Proportions of each of MLGs in each geographic region (Table 1) were showed 
in Fig. 5. Northern Honshu (the Tohoku District) and central Honshu (the Kanto and Chubu 
Districts) showed high diversity of MLGs from East type and harbor MLGs unique to each 
of the two regions. While, high diversity of MLGs and unique MLGs from West type were 
observed in Western Honshu (the Kinki and the Chugoku District), Shikoku and Kyushu. In 
Western Honshu and Shikoku, there were only two East-type MLGs: MLG2 and 3. 
Although East-type and West-type co-exist and produce F1 hybrids (light green in Fig. 5) 
in west Honshu and Shikoku, the frequencies of recombinant MLGs (green) were very low, 
except for MLG11. 
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Phylogenetic analysis  We obtained a multiple sequence alignment of 1009 positions 
including 14 binary-coded indel sites, for plastid DNA, rps4 –trnS regions. GTR+G was 
selected as best-fitting model. The ML and BI analysis yielded the same topology. All 
sequences obtained from L. nigripes and L. thumbergianus were included in the same clade 
(MLBS=97, BIPP=1.0) (Supplementary Fig. 1). In this calde, eight haplotypes were found 
for L. nigripes. Hap_C1 was the most frequent haplotype among the eight ones and shared 
by both East-type and West-type individuals from 32 populations through Japanese 
archipelago. Although Hap_D1 and Hap_D2 were unique to E-type individuals, these 
haplotypes were not specific to a particular geographical region but found widely from the 
populations in north Honshu, central Honshu, west Honshu and Shikoku, including even 
the populations where east and west type co-exist.  
The aligned sequences of nuclear genes were 650 bp for PgiC, 690 bp for 
GapCp and 281 bp for pTPI. GTR+G and HKY+G were selected as best fitting models for 
PgiC and for GapCP and pTPI, respectively.  
 ML tree of PgiC (Fig. 6) resolved four highly supported clades (L. 
thunbergianus clade, L. angustus_1 clade, L. angustus_2 clade and a clade of L. 
hachijoensis + L. onoei) and one weakly supported one that is sister to the L. thunbergianus 
clade. Most of the sequences from L. thunbergianus and those of thu-locus in L. nigripes 
(12 sequences) were included xin the L. thunbergianus clade (MLBS=97, BIPP=1.0). The 
sequences from L. angustus were mainly in two separate clades: the L. angustus_1 clade 
(MLBS=100, BIPP=1.0) and the L. angustus_2 clade (MLBS=95, BIPP=1.0). Two 
sequences from ang-locus in L. nigripes (Ang-1 and Ang-2) were included in the L. 
angustus_1 clade. Three sequences from L. thunbergianus (L. thunbergianus allele3, 4 and 
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11), a sequence from thu-locus in L. nigripes (Thu-9) and a sequence from L. angustus (L. 
angustus allele3) were included in the weakly supported clade (MLBS=61, BIPP=0.97) that 
was sister to the L. thunbergianus clade, together with the sequences from L. tosaensis and 
L. kuratae. 
 GapCp tree (Fig. 7A) comprised of three clades and two unique sequences (L. 
tosaensis / L. kuratae and L. onoei). All sequences from L. thunbergianus and four 
sequences from thu-locus in L. nigripes were included in L. thunbergianus clade 
(MLBS=99, BIPP=1.0). A subgroup composed of L. thunbergianus allele 3 and L. 
thunbergianus allele 5 / L. kuratae was supported within this clade. The sequences from L. 
angustus and those of ang-locus in L. nigripes were included in two clades: L. angustus_1 
clade and L. angustus_2 clade. Ang-1 of L. nigripes was included in the L. angustus 1 clade, 
together with L. angustus allele 2. In the L. angustus_2 clade, Ang-3 was clustered with L. 
angustus allele 4, 5 and 6, with a relatively high support (MLBS=71, BIPP=0.99).  
 ML tree of pTPI (Fig. 7B) reconstructed four clades and a unique sequences, 
the sequence from L. kuratae homeologue B. The sequences from L. thunbergianus were 
separated into two clades, L. thunbergianus_1 clade (MLBS=96, BIPP=1) and L. 
thunbergianus_2 clade (MLBS=-, BIPP=-). Two sequences form thu-locus in L. nigripes 
(Thu-1 and Thu-2) were included in the L. thunbergianus_1 clade and clustered with L. 
thunbergianus allele 4 (MLBS=99, BIPP=1) and L. thunbergianus allele 1 (MLBS=61, 
BIPP=0.88), respectively. The sequences from L. angustus and ang-locus in L. nigripes 
constituted a highly supported clade (MLBS=98, BIPP=1). In this clade, Ang-1 from L. 
nigripes was identical to L. angustus allele 1, and Ang-2 was grouped with L. angustus 
allele 5.  
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Fertility of spores in hybrids between East- and West-types  The mean proportions of 
normal spores per sporangium in each of putative F1 hybrids between East- and West-types 
from six populations (POP18, 21, 26, 30, 39 and 40) ranged from 0.381 to 0.956, with an 
average value of 0.59. Except for two individuals from POP39, which showed high 
fertilities of 0.881 and 0.956, most of individuals showed values around 0.5 in the 
proportion of normal spores (Fig. 8). As for non-admixed individuals, regardless of 
homozygotes or heterozygotes, mean proportions of normal spores were from 0.75 to 1.0, 
and average values were over 0.9. Spore fertilities of F1 hybrids were significantly lower 
than those of non-admixed homozygous individuals (P < 0.001) and heterozygous 
individuals (P < 0.01).  
 
Discussion 
Genetic differentiation between East and West Japan Bayesian clustering analysis 
(Fig. 1) separated the samples of L. nigripes into two clusters, East-type and West-type. 
East-type is distributed in mainly northern and central Honshu, while West-type is 
distributed in mainly west Honshu, Shikoku and Kyushu. East- and West-types often 
co-exist in the Kii Peninsula and the Shikoku District (Fig. 1 and 2). Among the 20 
non-admixed East-type MLGs (Table. 4), only four MLGs, MLG2, MLG3, MLG13 and 
MLG27, were detected in the sympatric regions (Fig. 5). While, 10 of 13 non-admixed 
West-type MLGs were found. The low genetic diversity of East-type in Western Japan 
suggests that recent incursion of East-type individuals into the western Honshu and 
Shikoku from eastern Honshu made the sympatric zone. The genetic differentiation 
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between East- and West-types were also supported by the neighbor-net analysis (Fig. 4) 
and few allele sharing found in nuclear phylogenetic trees (Figs. 6 and 7). This obvious 
geographical and genetic distinction suggested that each of populations in east and west had 
been isolated for a long time.  
The East-West pattern of intraspecific genetic differentiation in Japanese 
archipelago have been often reported in the phylogeographic studies on woody angiosperm 
species (Fujii et al., 2002; Aoki et al., 2004, 2009, 2011; Hiraoka and Tomaru, 2009; 
Iwasaki et al., 2010, 2012). The present study is the first case of East-West differentiation 
pattern in fern species. The paucity of this differentiation pattern in ferns may reflect high 
dispersal ability of ferns that have small spores as propagules, or merely, that few 
phylogenetic studies have been conducted for Japanese ferns so far.  
The phylogeographic studies on Japanese plants concluded that such a 
geographic genetic structure would be caused by climatic changes during repeated glacial 
periods in the Quatenary. At Last Glacial Maximum (LGM), climate in Japanese 
archipelago was much cooler than present. Evergreen and deciduous forests have been 
considered to have reduced their population sizes and have been restricted to separated 
refugia. The East-West differentiation pattern has been considered to be formed by a past 
geographical isolation between eastern and western refugia at LGM, and range expansion 
after it. Therefore, it is likely that the geographical distinction observed in L. nigripes was 
also generated through geographical isolation between refugia formed during glacial 
period(s) in the Quatenary. We could present two possible scenarios depending on different 
timing of polyploidization events. (1) Ancestors of East-type and West-type had originated 
before the last glacial period. With the arrival of the last glacial period, their geographical 
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distribution range has decreased, and their populations became restricted to eastern and 
western refugia. The geographical isolation during the last glacial period eventually 
resulted in the formation of genetically distinct groups, East-type and West-type. (2) 
East-type and West-type of L. nigripes had originated independently in geographically 
isolated refugia in Eastern and Western Japan, respectively, during the last glacial period. 
The genetic difference between the two may reflect that they had originated in different 
locations and from different parental source populations.  
Although L. nigripes is widely distributed in both cool and warm temperate 
regions, its parental species, L. thunbergianus and L. angustus, are restricted to warm 
temperate and cool temperate regions in Japan, respectively (Kurata, 1965). Thus it is likely 
that geographical distribution areas of the parental species were strongly influenced by 
climatic oscillations during the Quaternary Era, together with evergreen and/or deciduous 
forest trees on which they grow. Aoki et al., (2009) revealed genetic differentiations 
between northeastern and southwestern parts of the main land of Japan in Curculio 
sikkemensis, which is a generalist acorn weevil of Fagaceae plants inhabiting in deciduous 
forest and evergreen forest. Because no significant genetic differentiation of the weevil was 
observed among vegetation types of their utilized host plant species, they concluded that 
deciduous and evergreen forests might have survived together, or adjacent to each other 
during glacial periods. In this light, parental species, L. thunbergianus and L. angustus also 
survived in same regions during glacial periods, although these species are presently 
distributed in separate regions. Therefore, we can expect more opportunities of interspecific 
hybridization essential for producing L. nigripes during glacial periods than current and 
past warm interglacial periods. In addition to this, it should be noted that East- and 
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West-types shared few or no alleles at nuclear loci examined: 1/12 and 1/2 for PgiC, 0/4 
and 0/3 for GapCp, 1/2 and 0/2 for pTPI (Figs. 6 and 7). The high level of genetic 
differentiation could be unlikely if they diverged only through genetic drift during the last 
glacier period, namely less than a hundred thousand years. Instead, it would be more likely 
that the genetic distinctness reflect differential introduction of parental allelic variants to 
polyploids in their respective place of origin. Although we cannot exclude the scenario 1, it 
is suggested that the scenario 2 is more plausible.  
 
Independent multiple origins  Nuclear DNA phylogenies revealed that L. nigripes 
recurrently originated from independent polyploidization events. In pTPI trees, Ang-1 fixed 
in East-type of L. nigripes was identical to L. angustus allele 1, while Ang-2 fixed in West 
type was clustered with L. angustus allele 5 with a high support. This result indicates that 
Ang-1 and Ang-2 were the sequences derived from different individual of L. angustus. 
Such a derivation pattern was observed also in GapCp tree. Ang-3 fixed in West-type 
formed a clade together with L. angustus allele 4, 5 and 6, whereas Ang-1 and -2 specific to 
East-type was not included in the clade, suggesting that Ang-3 in West type and Ang-1 and 
Ang-2 in East type were derived from different origin, respectively. The result that each 
allele from East- and West-type was independently derived from different parents in each 
of two loci, GapCP-ang and pTPI-ang supports scenario 2, in above section, that East- and 
West-type had originated independently. 
 PgiC trees give evidences for additional independent origins. Thu-8 and -6 
formed a clade together with L. thunbergianus allele 6 (arrow 1 in Fig. 6), whereas Thu-1, 
-3, -5, -10 and -11 branched from the base of the clade (arrow 2), suggested at least two 
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independent acquisition events of diploid alleles. Thu-7 and -12 formed a clade that 
branched at more basal position (arrow 3), which reflected another origin. Thu-4 was 
included in the clade that consist of L. thunbergianus allele 2, 7, 10, and the sequence of L. 
kuratae homeologous loci A (arrow 4). Thu-2 was sister to all of the other sequences of the 
L. thunbergianus clade (arrow 5). Thus, Thu-4 and -2 also have independent origins. 
Finally, although Thu-9 was the sequence from thu-locus of L. nigripess, this sequence was 
sister to L. angustus allele 3. Because the genetic distance between Thu-9 and L. angustus 
allele 3 was relatively long and the sequences of L. thunbergianus were also nested and 
polyphyletic in this clade, we interpreted this as the result of incomplete lineage sorting, not 
as the result that Thu-9 was derived from not L. thunbergianus, but L. angustus. Therefore, 
Thu-9 might be independently derived from L. thunbergianus. According to the scenario 1, 
if we assume that East- and West-types originated at different refugia, it was suggested that 
East- and West-types had at least four (arrows 1, 2, 3 and 5) and five (arrows 1, 2, 3, 4 and 
6) origins, respectively, based on the result of PgiC tree. Multiple origins has been reported 
among several taxa in ferns: Asplenium ceterach at least 6 origins (Trewick et al., 2002), A. 
cimmeriorum at least 2 origins and A. gracillimum at least 4 origins (Perrie et al., 2010), A. 
majoricum at least 4 origins (Hunt et al., 2011), Astrolepis integerrima at leat 10 origins 
(Sampson and Byrne, 2012), Polypodium hesperium at least two origins (Sigel et al., 2014). 
It was suggested that L. nigripes recurrently originated at the same extent as allopolyploid 
ferns in previous studies. 
 
Incipient stage of reproductive isolation between East- and West-type  InStruct 
revealed that admixed individuals between East and West type were relatively limited 
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despite of their coexistence in broad regions (Fig. 1 and 3). We found 34 admixed 
individuals from all 352 samples. 16 of them were interpreted as F1 hybrids and 20 
individuals were as recombinant MLGs (Fig. 3). In west Honshu and Shikoku, where East- 
and West-types frequently co-exist, 15 individuals with recombinant MLGs were found. 
The rest of them, 5 individuals with recombinant type of MLGs were observed in north 
Honshu where West-types were not found (Fig. 1, 2 and 4). Possibly, these individuals 
were not recombinant, but rather unique MLGs to north Honshu. Moreover, NewHybrids 
assigned 18 individuals as F1 Hybrid with high probabilities and only one individual 
showed higher probability for F2 or back-crossing than that for pure strain. The paucity of 
recombinants between East- and West-types observed in this study suggested the 
reproductive isolation between the two types. High levels of inbreeding were suggested by 
high FIS values within populations for both East- and West-types (Table 1). Our InStruct 
analysis also estimated that inbreeding coefficients for each cluster at K = 2 was 0.90 – 
0.94. This mating system of predominant selfing seems to have contributed to reduce gene 
flow between East- and West-types. As discussed in Chapter I, however, it is unlikely that 
selfing alone could maintain the genetic distinctness across wide sympatric regions. Even in 
predominantly selfing species, occasional mating between selfing strains could occur and 
generate recombinant genotypes (Siol et al., 2008). In predominantly selfing fern, 
Sceptridium ternatum (Thunb.) Lyon, for example, although particular MLGs were 
maintained within each population, these MLGs were not maintained across populations.  
Taken together, it is the most likely that intrinsic reproductive isolation is 
responsible for the genetic distinctness between East- and West-types of L. nigripes. As 
shown in Fig. 8, most of F1 hybrids between East- and West-types showed significant 
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reductions of their fertilities, relative to spore fertilities of non-admixed individuals. Mean 
proportion of normal spores among F1 Hybrids was 0.59. Although two individuals of F1 
hybrids in POP39 showed high proportion of normal spores, the reductions of fertility in F1 
hybrid were observed widely across six populations from central Honshu, western Honshu 
and Shikoku. This suggests that the reductions in spore fertility were caused not by external 
factors in each of populations, but rather by intrinsic factors of hybrid individuals.  
Artificial crossing experiments between cryptic species that were detected by 
genetic markers in fern were conducted in previous studies (Masuyama and Watano, 1994; 
Masuyama et al., 2002; Yatabe et al., 2009). In Ceratopteris thallicroides species complex, 
Masuyama et al. (2002) showed that the germination rates in F1 hybrids from intraspecific 
crossing between different georgraphic sources were as high as 50 %, while those from 
interspecific crossing were almost 0 %. Although our result was only obtained from 
observetion of spore morphology, it is possible that the garmitation rates will be lower than 
expectations from the proportion of normal spores. Because recombinant genotypes were 
found in the sympatric regions and some F1 individual show high fertilities comparable to 
those of non-admixed ones, we concluded that the reproductive isolation between East- and 
West-type would be uncomplete, and could be at rather initial stage. During initial stage of 
divergence, the loci responsible for isolation can be polymorphic among individuals. As a 
result, the degree of incompatibility is expected to vary among crossing pairs (Cutter, 2012). 
Our observation that F1 hybrids in POP39 showed high proportions of normal spores might 
indicate variable reproductive isolation between East and West types. 
 
Conclusion  It remains unclear whether the lineages with independent origins interbreed 
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or not (Soltis and Soltis, 2000; Soltis et al., 2010, 2014). In Symonds et al. (2010), they 
hypothesized the outcomes of multiple origins in polyploid species range from a single 
homogenous species to multiple genetically distinct lineages that ultimately form cryptic 
species, according to genetic variations contributed by parent species and the degree of 
gene flow among independent origins. In one case, recent study on allopolyploid species, 
Mimulus sookensis (Sweigart et al., 2008; Modliszewski and Willis, 2012), revealed that 
separate origins were interfertile based on artificial crossing test. In other case, however, 
multiple origins in allooctoploid Asplenium resulted in the formations of distinct species 
(Perrie et al., 2010).  We detected genetically distinct lineages that are expected to 
originate from independent polyploidizations from one another, East type and West type in 
L. nigripes. From the observation of limitation of admixture between East and West type 
and spore morphology in F1 hybrids, it is suggested that initial stage of reproductive 
isolation exists between East and West types. Intriguingly, heterozygous individuals within 
each type showed no reduction of the proportion of normal spores, although these 
individuals could be generated from hybridization between independent origins within each 
type. This result suggested reproductive isolation has developed between allopatric 
populations with independent origins, while no reproductive isolation between sympatric 
populations with independent origins. This divergent pattern is consistent with the model 
proposed by Werth and Windham (1991), that suggested that if allopatric populations of 
allopolyploid species experienced reciprocal silencing of homeologous gene, 
interpopulational hybrid might be sterile. To evaluate what caused the reduction of fertility 
in F1 hybrid in this study, however, requires more investigations for artificial crossing test 
and presens/absence of ecological barriers. 
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Table 1. Sampling locations and population genetics metrics. POP# indicates the 
assigned population numbers; N, number of individuals sampled from a given population; 
No. of MLGs, number of observed MLGs in a given populations; P, proportion of 
polymorphic loci; A, number of alleles per locus; He, expected heterozygosity per 
population; HO, observed heterozygosity; FIS, Fixation idex.
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achinagano, N
agaredani 
30 
7 
5 
1.833 
67 
0.341 
0.238 
0.318 
 
O
saka, K
aw
achinagano, Iw
ase 
31 
3 
2 
1.667 
67 
0.378 
0 
1 
 
N
ara, G
ojo, M
t. K
atsuragi 
32 
4 
2 
1.833 
67 
0 
0 
1 
 
N
ara, N
ara, K
itatsubaocho  
33 
4 
3 
1.667 
67 
0 
0 
1 
 
K
yoto, M
iyazu, H
igatani 
34 
7 
3 
1.333 
33 
0.117 
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48 
8 
3 
1.167 
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0.021 
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49 
11 
2 
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0.052 
0 
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2 
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17 
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0 
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K
um
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so, Takam
ori 
51 
7 
1 
1 
0 
N
A
 
N
A
 
N
A
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Table 2.  Primer used for PCR amplification and sequencing of plastid locus and nuclear gene loci 
in this study. 
Gene Primer 5’-3’ Primer sequence Primer source 
rps4-trnS Rps4_Pter_F CTCGCTACCGAGGACCTCG Fujiwara et al 
TrnS_Pter_R CTACCGAGGGTTCGAATC Fujiwara et al 
PgiC PGIC_LEP_15F TTGCCAGGCATTAGAGAAGC Fujiwara et al 
PGIC_LEP_16R GCCTTCTATTGAAACCCCCTTTC Fujiwara et al 
GapCp GAPCP_POL_8F ATCATCCCAAGCTCAACTGG In this study 
ESGAPCP11R1 GTATCCCCAYTCRTTGTCRTACC  Schuettpelz et al., 2008 
PTPI PTPI_POL_5F ATTGCATGTGTGGGTGAGAA In this study 
PTPI_POL_6R GCTTGAGGCGAGACATTCTT In this study 
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Table. 3. The length of sequences obtained, pairwise genetic distance against L. angustus and 
observed number of allele (Ao), in each locus.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Locus Length (bp) 
Pairwise genetic distance against L. 
angustus Ao 
PgiC-thu 455 – 513 0.065 – 0.079 12 
PgiC-ang 541 0.048  2 
GapCp-thu 592 – 593 0.023 – 0.041 4 
GapCp-ang 590 – 591 0.009 – 0.014 3 
cTPI-thu 261 – 262 0.071 – 0.074 2 
cTPI-ang 260 – 261 0.013 – 0.014 2 
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Table 4.  Number of individuals within 51 multilocus genotypes (MLGs)  
PgiC-Thu PgiC-Ang GapCp-Thu GapCp-Ang pTPI-Thu pTPI-Ang MLG N  
4/4 1/1 2/2 3/3 1/1 2/2 MLG1 89 West 
2/2 1/1 1/1 2/2 1/1 1/1 MLG2 53 East 
2/2 1/1 1/1 1/1 1/1 1/1 MLG3 45 East 
1/1 1/1 1/1 1/1 1/1 1/1 MLG4 13 East 
1/1 1/1 1/1 2/2 1/1 1/1 MLG5 13 East 
2/2 1/1 1/1 1/1 2/2 1/1 MLG6 13 East 
6/6 1/1 2/2 3/3 1/1 2/2 MLG7 10 West 
9/9 1/1 2/2 3/3 1/1 2/2 MLG8 10 West 
11/11 1/1 1/1 1/1 1/1 1/1 MLG9 9 East 
2/2 1/1 2/2 3/3 1/1 2/2 MLG10 8 Recombinant 
3/3 1/1 2/2 3/3 1/1 2/2 MLG11 8 West 
12/12 1/1 2/2 3/3 1/1 2/2 MLG12 6 West 
2/4 1/1 1/2 2/3 1/1 1/2 MLG13 6 F1 
6/6 1/1 1/1 2/2 1/1 1/1 MLG14 6 East 
2/4 1/1 1/2 1/3 1/1 1/2 MLG15 5 F1 
3/4 1/1 2/2 3/3 1/1 2/2 MLG16 4 West 
4/4 2/2 1/1 1/1 1/1 1/1 MLG17 4 Recombinant 
4/4 1/1 3/3 3/3 1/1 2/2 MLG18 3 West 
4/5 1/1 2/2 3/3 1/1 2/2 MLG19 3 West 
6/6 1/1 3/3 3/3 1/1 2/2 MLG20 3 West 
7/7 1/1 1/1 2/2 1/1 1/1 MLG21 3 East 
1/10 1/1 1/1 1/2 2/2 1/1 MLG22 2 East 
2/2 1/1 1/1 1/2 1/1 1/1 MLG23 2 East 
2/6 1/1 1/3 1/3 1/1 1/2 MLG24 2 F1 
1/2 1/1 1/1 1/2 1/1 1/1 MLG25 1 East 
10/10 1/1 1/1 1/1 1/1 1/1 MLG26 1 East 
2/10 1/1 1/1 1/1 2/2 1/1 MLG27 1 East 
2/2 1/1 1/1 4/4 1/1 1/1 MLG28 1 East 
2/2 1/1 1/2 2/3 1/1 1/2 MLG29 1 Recombinant 
2/4 1/1 1/1 2/2 1/1 1/1 MLG30 1 Recombinant 
2/4 1/1 1/3 1/3 1/2 1/2 MLG31 1 F1 
2/4 1/1 1/3 2/3 1/2 1/2 MLG32 1 F1 
2/6 1/1 1/1 1/2 1/1 1/1 MLG33 1 East 
2/6 1/1 2/3 3/3 1/1 1/2 MLG34 1 Recombinant 
2/7 1/1 1/1 1/1 1/1 1/1 MLG35 1 East 
2/9 1/1 1/2 2/3 1/1 1/2 MLG36 1 F1 
3/4 1/1 3/3 3/3 1/1 2/2 MLG37 1 West 
3/6 1/1 2/2 3/3 1/1 2/2 MLG38 1 West 
4/4 1/1 1/1 1/1 1/1 1/1 MLG39 1 Recombinant 
4/4 1/1 1/1 2/2 1/1 1/1 MLG40 1 Recombinant 
4/4 1/1 1/1 2/2 1/1 2/2 MLG41 1 Recombinant 
4/4 1/1 2/2 1/1 1/1 1/1 MLG42 1 Recombinant 
5/5 1/1 2/2 3/3 1/1 2/2 MLG43 1 West 
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Table. 4. (continued) 
PgiC-Thu PgiC-Ang GapCp-Thu GapCp-Ang pTPI-Thu pTPI-Ang MLG N  
7/7 1/1 1/1 1/1 1/1 1/1 MLG44 1 East 
8/8 1/1 2/2 3/3 1/1 2/2 MLG45 1 West 
9/9 1/1 1/1 2/2 1/1 1/1 MLG46 1 Recombinant 
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Figure 1. The results of INSTRUCT analysis (A) and the plot of K for each K (B). 
(A) The proportion of the membership coefficient of 352 individuals in the 51 populations 
for each of the inferred clusters for K = 2–5 defined using Bayesian clustering in 
INSTRUCT analysis. Each individual is shown as a column, and populations are separated 
from each other by a bold black line. Numerals at bottom indicate population numbers.   
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Figure 2. The distribution of each cluster at K = 2. 
 
1
2
3
4
5
6
7
8
9
10
20
21
22
23
24
1112
13
14
15
17 1618
39
19
38 37
36
35
34
25
26
27
28
29
30
40
41
42
43
44
45
31 32
33
46
47
48
49
50
51
 165 
 
Fig. 3. Identification and classification of non-admixed individuals (pure strains) and 
admixed individuals (hybrids). 
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Figure 4. Neighbor-nets for MLGs. Blue-, yellow- and green-colored MLGs indicate 
MLGs of East type, West type and hybrid or recombinant between East and West types.  
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Figure 5. Frequency of MLGs by each region. Each slice in a given pie chart indicates 
different MLG. Color in slice reflects the group of MLGs, blue: East type, yellow: West 
type, light green: F1 hybrid between East and West type and green: recombinant. 
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Figure 7. ML phylogenetic trees of nuclear gene, PgiC. Thickest lines indicate strong 
support (MLBS >= 80, BIPP = 1.0), middle thick lines indicate moderate support (MLBS 
>= 80, BIPP = 0.99) and thin lines indicate weak support (MLBS < 80 or BIPP < 0.99). 
Support values are given as MLBS / BIPP. Thu and Ang indicate the alleles in L. nigripes 
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derived from L. thunbergianus and L. angustus, respectively. Colors, blue and yellow 
reflect the alleles from East type and West type, respectively. Arrows indicate the different 
origins inferred, respectively. 
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Figure 8. ML phylogenetic trees of nuclear gene, GapCp and pTPI. Thickest lines 
indicate strong support (MLBS >= 80, BIPP = 1.0), middle thick lines indicate moderate 
support (MLBS >= 80, BIPP = 0.99) and thin lines indicate weak support (MLBS < 80 or 
BIPP < 0.99). Support values are given as MLBS / BIPP. Thu and Ang indicate the alleles 
in L. nigripes derived from L. thunbergianus and L. angustus, respectively. Colors, blue and 
yellow reflect the alleles from East type and West type, respectively. Arrows indicate the 
different origins inferred, respectively. 
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Figure 9. The proportion of normal spores in F1 hybrids between types (left), 
heterozygous individuals within each of type (center) and homozygous individuals 
within each of type (right)  
(a). Each point in bar indicates individual data, respectively. Error bars represent ±SE. 
Significance: ***: P < 0.001, **: P < 0.005. The spores from the sample of F1 hybrids 
between types (T. Fujiwara 16011434, b), heterozygous individuals within each of type (T. 
Fujiwara 15030802, c) and homozygous individuals within each of type (T. Fujiwara 
15030808, d).  
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Supplementary Figure 1. Maximum Likelihood (ML) phylogenetic tree of chloroplast 
rps4-trnS intergenic region. ML bootstrap value and Bayesian posterior probability are 
shown along each branch. Values under 50% are represented by “-”. Bolded branches have 
high support values: An ML bootstrap value over 70% and a posterior probability over 95%. 
Blue and yellow colored samples indicate East type and West type, respectively. Each 
dashed line signifies samples from same population.  
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4 (1_1/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 17050311 
 
 
10 
M
LG
21 (7_7/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17050312 
12 
Y
am
anashi, H
okuto, Sudam
a 
1 
M
LG
4 (1_1/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 15111501 
 
 
2 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 15111502 
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PO
P ID
 
Locality 
ID
 
M
LG
 
(PgiC-Thu/ PgiC-Ang/G
apCp-Thu/G
apCp-Ang/pTPI-Thu/pTPI-Ang) 
Voucher 
12 
Y
am
anashi, H
okuto, Sudam
a 
3 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 15111503 
 
 
4 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 15111504 
13 
Y
am
anashi, H
okuto, N
agasaka 
1 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16040601 
 
 
2 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16040602 
 
 
3 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16040603 
 
 
4 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16040604 
 
 
5 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16040605 
 
 
6 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16040606 
 
 
7 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16040607 
 
 
8 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16040608 
14 
N
agano, M
atsum
oto, A
zum
i 
1 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16080701 
 
 
2 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16080702 
 
 
3 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16080703 
 
 
4 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16080704 
 
 
5 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16080705 
 
 
6 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16080706 
 
 
7 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16080707 
15 
G
ifu, Takayam
a, K
unifu 
1 
M
LG
14 (6_6/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16030801 
 
 
2 
M
LG
33 (2_6/1_1/1_1/1_2/1_1/1_1) 
T. Fujiw
ara 16030802 
 
 
3 
M
LG
14 (6_6/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16030803 
 
 
4 
M
LG
14 (6_6/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16030804 
 
 
5 
M
LG
14 (6_6/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16030805 
 
 
6 
M
LG
14 (6_6/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16030806 
 
 
7 
M
LG
14 (6_6/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16030807 
16 
Toyam
a, Takaoka, N
ishihirotani 
1 
M
LG
18 (6_6/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 15091501 
 
 
2 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 15091502 
 
 
3 
M
LG
18 (6_6/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 15091503 
17 
Toyam
a, Toyam
a, M
t. K
ureha 
1 
M
LG
31 (2_4/1_1/1_3/1_3/1_2/1_2) 
T. Fujiw
ara 17082109 
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PO
P 
ID
 
Lo
ca
lit
y 
ID
 
M
LG
 
(P
gi
C-
Th
u/
 P
gi
C-
An
g/
G
ap
Cp
-T
hu
/G
ap
Cp
-A
ng
/p
TP
I-T
hu
/p
TP
I-A
ng
) 
Vo
uc
he
r 
17
 
To
ya
m
a,
 T
oy
am
a,
 M
t. 
K
ur
eh
a 
2 
M
LG
6 
(2
_2
/1
_1
/1
_1
/1
_1
/2
_2
/1
_1
) 
T.
 F
uj
iw
ar
a 
17
08
21
10
 
 
 
3 
M
LG
6 
(2
_2
/1
_1
/1
_1
/1
_1
/2
_2
/1
_1
) 
T.
 F
uj
iw
ar
a 
17
08
21
11
 
 
 
4 
M
LG
6 
(2
_2
/1
_1
/1
_1
/1
_1
/2
_2
/1
_1
) 
T.
 F
uj
iw
ar
a 
17
08
21
12
 
 
 
5 
M
LG
6 
(2
_2
/1
_1
/1
_1
/1
_1
/2
_2
/1
_1
) 
T.
 F
uj
iw
ar
a 
17
08
21
13
 
 
 
6 
M
LG
6 
(2
_2
/1
_1
/1
_1
/1
_1
/2
_2
/1
_1
) 
T.
 F
uj
iw
ar
a 
17
08
21
14
 
 
 
7 
M
LG
6 
(2
_2
/1
_1
/1
_1
/1
_1
/2
_2
/1
_1
) 
T.
 F
uj
iw
ar
a 
17
08
21
15
 
18
 
Is
hi
ka
w
a,
 K
an
az
aw
a,
 U
ta
st
u 
1 
M
LG
32
 (2
_4
/1
_1
/1
_3
/2
_3
/1
_1
/1
_2
) 
T.
 F
uj
iw
ar
a 
17
08
21
02
 
 
 
2 
M
LG
1 
(4
_4
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
17
08
21
03
 
 
 
3 
M
LG
6 
(2
_2
/1
_1
/1
_1
/1
_1
/2
_2
/1
_1
) 
T.
 F
uj
iw
ar
a 
17
08
21
04
 
 
 
4 
M
LG
7 
(6
_6
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
17
08
21
05
 
 
 
5 
M
LG
20
 (6
_6
/1
_1
/3
_3
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
17
08
21
06
 
 
 
6 
M
LG
1 
(4
_4
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
17
08
21
07
 
 
 
7 
M
LG
7 
(6
_6
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
17
08
21
08
 
19
 
M
ie
, Y
ok
ka
ic
hi
, U
no
m
or
i 
1 
M
LG
12
 (1
2_
12
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
16
12
03
07
 
 
 
2 
M
LG
12
 (1
2_
12
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
16
12
03
08
 
 
 
3 
M
LG
12
 (1
2_
12
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
16
12
03
09
 
 
 
4 
M
LG
12
 (1
2_
12
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
16
12
03
10
 
 
 
5 
M
LG
12
 (1
2_
12
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
16
12
03
11
 
 
 
6 
M
LG
12
 (1
2_
12
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
16
12
03
12
 
20
 
M
ie
, T
su
, I
ga
ka
id
o 
1 
M
LG
2 
(2
_2
/1
_1
/1
_1
/2
_2
/1
_1
/1
_1
) 
T.
 F
uj
iw
ar
a 
16
12
03
01
 
 
 
2 
2_
2/
1_
1/
?_
?/?
_?
/1
_1
/1
_1
 
T.
 F
uj
iw
ar
a 
16
12
03
02
 
 
 
3 
M
LG
2 
(2
_2
/1
_1
/1
_1
/2
_2
/1
_1
/1
_1
) 
T.
 F
uj
iw
ar
a 
16
12
03
04
 
21
 
M
ie
, O
w
as
e,
 M
ik
is
at
o 
1 
M
LG
2 
(2
_2
/1
_1
/1
_1
/2
_2
/1
_1
/1
_1
) 
T.
 F
uj
iw
ar
a 
16
12
01
01
 
 
 
2 
M
LG
2 
(2
_2
/1
_1
/1
_1
/2
_2
/1
_1
/1
_1
) 
T.
 F
uj
iw
ar
a 
16
12
01
02
 
 
 
3 
M
LG
10
 (2
_2
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
16
12
01
04
 
 
 
4 
M
LG
10
 (2
_2
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
16
12
01
05
 
 
 
5 
M
LG
10
 (2
_2
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
16
12
01
06
 
 
 
6 
M
LG
10
 (2
_2
/1
_1
/2
_2
/3
_3
/1
_1
/2
_2
) 
T.
 F
uj
iw
ar
a 
16
12
01
07
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PO
P ID
 
Locality 
ID
 
M
LG
 
(PgiC-Thu/ PgiC-Ang/G
apCp-Thu/G
apCp-Ang/pTPI-Thu/pTPI-Ang) 
Voucher 
21 
M
ie, O
w
ase, M
ikisato 
7 
M
LG
10 (2_2/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120108 
 
 
8 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16120109 
22 
N
ara, Y
oshino, K
am
ikitayam
a 
1 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052602 
 
 
2 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052604 
 
 
3 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052605 
 
 
4 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052606 
 
 
5 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052607 
 
 
6 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052608 
 
 
7 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052609 
 
 
8 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052610 
 
 
9 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052611 
 
 
10 
M
LG
1 (2_2/1_1/1_2/2_3/1_1/1_2) 
T. Fujiw
ara 17052612 
 
 
11 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052613 
 
 
12 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052615 
 
 
13 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052616 
 
 
14 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052617 
 
 
15 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052618 
 
 
16 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052619 
 
 
17 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052620 
 
 
18 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052621 
 
 
19 
M
LG
10 (2_2/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17052622 
 
 
20 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17052624 
 
 
21 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17052625 
 
 
22 
M
LG
13 (2_4/1_1/1_2/2_3/1_1/1_2) 
T. Fujiw
ara 17052626 
 
 
23 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052627 
 
 
24 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052628 
 
 
25 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052629 
 
 
26 
M
LG
8 (9_9/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17052630 
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PO
P ID
 
Locality 
ID
 
M
LG
 
(PgiC-Thu/ PgiC-Ang/G
apCp-Thu/G
apCp-Ang/pTPI-Thu/pTPI-Ang) 
Voucher 
22 
N
ara, Y
oshino, K
am
ikitayam
a 
27 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17052631 
 
 
28 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17052632 
23 
W
akayam
a, Shingu 1 
1 
M
LG
7 (6_6/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120204 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120205 
 
 
3 
M
LG
8 (9_9/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120206 
 
 
4 
M
LG
7 (6_6/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120207 
 
 
5 
M
LG
7 (6_6/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120208 
 
 
6 
M
LG
8 (9_9/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120209 
 
 
7 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120211 
24 
W
akayam
a, Shingu 2 
1 
M
LG
8 (9_9/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120213 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120215 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120216 
 
 
4 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120217 
 
 
5 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120219 
 
 
6 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120221 
 
 
7 
M
LG
8 (9_9/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120222 
 
 
8 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16120223 
25 
W
akayam
a, Ito, K
oya 
1 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16041001 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16041004 
 
 
3 
M
LG
30 (2_4/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16041005 
 
 
4 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16041007 
 
 
5 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16041008 
 
 
6 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16041009 
 
 
7 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16041010 
 
 
8 
M
LG
28 (2_2/1_1/4_4/1_1/1_1/1_1) 
T. Fujiw
ara 16041011 
26 
W
akayam
a, Ito, K
atsuragi 
1 
M
LG
1 (2_2/1_1/1_1/1_2/1_1/1_1) 
T. Fujiw
ara 16011430 
 
 
2 
M
LG
29 (2_2/1_1/1_2/2_3/1_1/1_2) 
T. Fujiw
ara 16011432 
 
 
3 
M
LG
23 (2_2/1_1/1_1/1_2/1_1/1_1) 
T. Fujiw
ara 16011433 
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PO
P ID
 
Locality 
ID
 
M
LG
 
(PgiC-Thu/ PgiC-Ang/G
apCp-Thu/G
apCp-Ang/pTPI-Thu/pTPI-Ang) 
Voucher 
26 
W
akayam
a, Ito, K
atsuragi 
4 
M
LG
15 (2_4/1_1/1_2/1_3/1_1/1_2) 
T. Fujiw
ara 16011434 
 
 
5 
M
LG
13 (2_4/1_1/1_2/2_3/1_1/1_2) 
T. Fujiw
ara 16011435 
 
 
6 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16011436 
 
 
7 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011437 
27 
W
akayam
a, H
ashim
oto, K
oyaguti 
1 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011409 
 
 
2 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011411 
 
 
3 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011413 
 
 
4 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011415 
28 
W
akayam
a, H
ashim
oto, Y
am
ada 
1 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011438 
 
 
2 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011439 
 
 
3 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011440 
 
 
4 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011441 
 
 
5 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011442 
29 
O
saka, K
aw
achinagano, K
oyakaidou 
1 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011420 
 
 
2 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011422 
 
 
3 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011423 
 
 
4 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011426 
 
 
5 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16011427 
 
 
6 
M
LG
7 (6_6/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16011428 
30 
O
saka, K
aw
achinagano, N
agaredani 
1 
M
LG
20 (6_6/1_1/3_3/3_3/1_1/2_2) 
T. Fujiw
ara 16040913 
 
 
2 
M
LG
24 (2_6/1_1/1_3/1_3/1_1/1_2) 
T. Fujiw
ara 16040915 
 
 
3 
M
LG
34 (2_6/1_1/2_3/3_3/1_1/2_2) 
T. Fujiw
ara 16040916 
 
 
4 
M
LG
7 (6_6/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16040917 
 
 
5 
M
LG
20 (6_6/1_1/3_3/3_3/1_1/2_2) 
T. Fujiw
ara 16040919 
 
 
6 
M
LG
24 (2_6/1_1/1_3/1_3/1_1/1_2) 
T. Fujiw
ara 16040920 
 
 
7 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16040921 
31 
O
saka, K
aw
achinagano, Iw
ase 
1 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16011451 
 
 
2 
2_2/1_1/1_1/2_2/?_?/?_? 
T. Fujiw
ara 16011453 
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31 
O
saka, K
aw
achinagano, Iw
ase 
3 
M
LG
15 (2_4/1_1/1_2/1_3/1_1/1_2) 
T. Fujiw
ara 16011454 
32 
N
ara, G
ojo, M
t. K
atsuragi 
1 
6_6/1_1/3_3/?_?/1_1/2_2 
T. Fujiw
ara 16011401 
 
 
2 
M
LG
42 (4_4/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16011404 
 
 
3 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011405 
 
 
4 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011407 
33 
N
ara, N
ara, K
itatsubaocho 
1 
M
LG
1 (4_4/1_1/2_2/1_1/1_1/2_2) 
T. Fujiw
ara 16011443 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16011444 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16011445 
 
 
4 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 16011446 
34 
K
yoto, M
iyazu, H
igatani 
1 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16050601 
 
 
2 
M
LG
18 (6_6/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16050602 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16050603 
 
 
4 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16050604 
 
 
5 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16050605 
 
 
6 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16050606 
 
 
7 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16050607 
35 
H
yogo, K
obe, M
t. R
okko 
1 
?_?/1_1/2_2/3_3/1_1/2_2 
T. Fujiw
ara 16050609 
 
 
2 
M
LG
18 (6_6/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 16050610 
 
 
3 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16050611 
 
 
4 
M
LG
1 (3_4/1_1/3_3/3_3/1_1/2_2) 
T. Fujiw
ara 16050612 
36 
H
yogo, A
sago, Santoucho 
1 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16050901 
 
 
2 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16050902 
 
 
3 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16050903 
 
 
4 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16050904 
37 
Tottori, Y
azu, Y
azucho 
1 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17071501 
 
 
2 
M
LG
15 (2_4/1_1/1_2/1_3/1_1/1_2) 
T. Fujiw
ara 17071502 
 
 
3 
M
LG
15 (2_4/1_1/1_2/1_3/1_1/1_2) 
T. Fujiw
ara 17071503 
 
 
4 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17071504 
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37 
Tottori, Y
azu, Y
azucho 
5 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17071507 
 
 
6 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17071508 
38 
O
kayam
a, Takahashi, B
icchucho 
1 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15052803 
 
 
2 
M
LG
40 (8_8/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15052804 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15052805 
39 
H
iroshim
a, H
iroshim
a, A
sacho 
1 
M
LG
36 (2_9/1_1/1_2/2_3/1_1/1_2) 
T. Fujiw
ara 17071801 
 
 
2 
M
LG
15 (2_4/1_1/1_2/1_3/1_1/1_2) 
T. Fujiw
ara 17071803 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17071804 
 
 
4 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17071805 
 
 
5 
M
LG
13 (2_4/1_1/1_2/2_3/1_1/1_2) 
T. Fujiw
ara 17071806 
 
 
6 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17071807 
 
 
7 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17071808 
 
 
8 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17071809 
 
 
9 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17071810 
40 
Tokushim
a, M
im
a, W
akicho 
1 
M
LG
13 (2_4/1_1/1_2/2_3/1_1/1_2) 
T. Fujiw
ara 17070625 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070626 
 
 
3 
M
LG
13 (2_4/1_1/1_2/2_3/1_1/1_2) 
T. Fujiw
ara 17070627 
 
 
4 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070628 
 
 
5 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070630 
 
 
6 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070631 
 
 
7 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070632 
 
 
8 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070633 
41 
Tokushim
a, M
im
a, Tsurugicho 
1 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070614 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070615 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070616 
 
 
4 
M
LG
13 (2_4/1_1/1_2/2_3/1_1/1_2) 
T. Fujiw
ara 17070617 
 
 
5 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070619 
 
 
6 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070620 
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41 
Tokushim
a, M
im
a, Tsurugicho 
7 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070621 
 
 
8 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070622 
42 
Tokushim
a, M
im
a, Tsurugicho 
1 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070602 
 
 
2 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17070603 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070604 
 
 
4 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070605 
 
 
5 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 17070606 
 
 
6 
M
LG
3 (2_2/1_1/1_1/1_1/1_1/1_1) 
T. Fujiw
ara 17070607 
 
 
7 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070608 
 
 
8 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17070609 
 
 
9 
M
LG
8 (9_9/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070610 
 
 
10 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17070611 
43 
Tokushim
a, M
iyoshi, H
igashiiyason 
1 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17070510 
 
 
2 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17070511 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070512 
 
 
4 
M
LG
2 (2_2/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17070513 
44 
Tokushim
a, M
iyoshi, N
ishiiyason 
1 
M
LG
13 (2_4/1_1/1_2/2_3/1_1/1_2) 
T. Fujiw
ara 17070301 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070303 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070304 
 
 
4 
M
LG
40 (4_4/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 17070305 
 
 
5 
M
LG
10 (2_2/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070306 
45 
K
ochi, Tosa, Tosacho 
1 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070401 
 
 
2 
M
LG
16 (3_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070402 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070403 
 
 
4 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070404 
 
 
5 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 17070405 
46 
O
ita, N
akatsu, Y
abakei 
1 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032601 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032602 
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46 
O
ita, N
akatsu, Y
abakei 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032603 
 
 
4 
M
LG
19 (4_5/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032604 
 
 
5 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032605 
 
 
6 
M
LG
19 (4_5/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032606 
 
 
7 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032607 
 
 
8 
M
LG
19 (4_5/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032608 
 
 
9 
M
LG
43 (5_5/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032609 
 
 
10 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032610 
47 
Fukuoka, B
uzen, K
ubote 
1 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032614 
 
 
2 
M
LG
7 (6_6/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032615 
 
 
3 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032616 
 
 
4 
M
LG
7 (6_6/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032617 
 
 
5 
M
LG
7 (6_6/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032619 
 
 
6 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032620 
48 
Fukuoka, Fukuoka, Iiba 
1 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032502 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032503 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032504 
 
 
4 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032505 
 
 
5 
M
LG
16 (3_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032507 
 
 
6 
M
LG
1 (4_4/1_1/1_1/2_2/1_1/1_1) 
T. Fujiw
ara 15032508 
 
 
7 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032509 
 
 
8 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032510 
49 
Fukuoka, Itozim
a, M
t. Ihara 
1 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032514 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032515 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032517 
 
 
4 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032518 
 
 
5 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032519 
 
 
6 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032520 
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49 
Fukuoka, Itozim
a, M
t. Ihara 
7 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032521 
 
 
8 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032522 
 
 
9 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032523 
 
 
10 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032524 
 
 
11 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032525 
50 
Saga, Fujizu, Tara 
1 
M
LG
11 (3_3/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032401 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032402 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032405 
 
 
4 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032406 
 
 
5 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 15032409 
51 
K
um
am
oto, A
so, Takam
ori 
1 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16071201 
 
 
2 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16071202 
 
 
3 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16071203 
 
 
4 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16071204 
 
 
5 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16071205 
 
 
6 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16071206 
 
 
7 
M
LG
1 (4_4/1_1/2_2/3_3/1_1/2_2) 
T. Fujiw
ara 16071207 
 187 
Supplementary Table 2. The voucher specimen for phylogenetic analyses, collected in 
this study. All vouchers are deposited at TNS. The numbers in columns, PgiC, GapCP, 
and PTPI indicate the genotypes for parental species, Lepisorus thunbergianus and  
L. angustus 
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Taxon Voucher  Location  PgiC GapCp      PTPI 
Lepisorus 
thunbergianus T. Fujiwara 15022109 Kanagawa Pref. Kamakura-shi, Junisho 11_11 1_1 1_2 
 T. Fujiwara 15022706 Chiba Pref. Futtsu-shi Minato 1_1 2_2 5_5 
 T. Fujiwara 15022707 Chiba Pref. Futtsu-shi Minato 2_3 2_9 5_5 
 T. Fujiwara 15032408 Saga Pref. Tara 4_4 3_4 5_5 
 T. Fujiwara 15031701 Kumamoto Pref. Kikuchi-shi, Ichihara 5 5_6 5_6 
 T. Fujiwara 15031702 Kumamoto Pref. Kikuchi-shi, Ichihara 5 7_8 4_4 
 T. Fujiwara 15031703 Kumamoto Pref. Kikuchi-shi, Ichihara 5_6 10_11 2_2 
 T. Fujiwara 15032207 Kagoshima Pref. Satsuma-shi, Satsuma 7_8 6_12 3_4 
 T. Fujiwara 15052704 Okayama Pref. Bizen-shi, Kyogokujinja 9_10 13_14 4_4 
 T. Fujiwara 15122514 Shizuoka Pref. Kamo-gun, Kawadu 5 2_5 1_1 
 T. Fujiwara 16031601 Chiba Pref. Chiba-shi, Yayoi-cho 5 5_15 3_3 
 T. Fujiwara 16032902 Oita Pref. Bungotakada-shi,  5 5_16 5_5 
L. angustus Ching T. Fujiwara 15032621 Fukushima Pref., Yama-gun, Kitashiobara 1 1 1 
 T. Fujiwara 15111510 Yamanashi Pref., Hokuto-shi,  Sudama  1 4 1 
 T. Fujiwara 15111511 Yamanashi Pref., Hokuto-shi,  Sudama 1 2 1_5 
 T. Fujiwara 15111512 Yamanashi Pref., Hokuto-shi,  Sudama 1 5_6 1_2 
 T. Fujiwara 17052701 Nara Pref. Yoshino-gun, Mt. Daihugendake 2 1 1 
 T. Fujiwara 17052702 Nara Pref. Yoshino-gun, Mt. Daihugendake 2 1 1_2 
 T. Fujiwara 17052703 Nara Pref. Yoshino-gun, Mt. Daihugendake 2 1_5 1_3 
 T. Fujiwara 17052704 Nara Pref. Yoshino-gun, Mt. Daihugendake 2 1 1 
 T. Fujiwara 17052705 Nara Pref. Yoshino-gun, Mt. Daihugendake 2_4 1_5 4 
 T. Fujiwara 17052706 Nara Pref. Yoshino-gun, Mt. Daihugendake 1_5 1_3 5 
 T. Fujiwara 17052708 Nara Pref. Yoshino-gun, Mt. Daihugendake 6 1 1_5 
L. hachijoensis Sa. 
Kurata T. Fujiwara 14090404 Tokyo Pref, Isl. Hachijojima    
L. kuratae T. Fujiw et 
Seriz T. Fujiwara 15022105 Kanagawa Pref. Kamakura-shi, Junisho    
L. onoei Ching T. Fujiwara 15032527 Fukuoka Pref. Itojima-shi Mt. Iharayama    
L. tosaensis Ching T. Fujiwara 15032614 Oita Pref. Nakatsu-shi, Yabakei-machi    
L. uchiyamae T. Fujiwara 17070320 Kochi Pref., Aki-shi, Shimoyama    
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General Discussion 
 
Newly formed polyploid species seems to have experienced bottleneck event 
associated with polyploidization. Traditionally, therefore, polyploid species had been 
considered to be genetically depauperte (Stebbins, 1950). In recent two decade, however, 
multiple origins in polyploid species have been broadly recognized among many taxa 
throughout plan kingdom, and proved to be the rule, not the exception (Soltis and Soltis, 
1999; Soltis et al., 1993, 2016). Multiple origins are expected to increase genetic diversity 
in polyploid populations, contributing to its evolutionary success (Meimberg et al., 2009).  
However, it remains unclear whether populations of independent origins can interbreed or 
represent reproductively isolated lineages. Symonds et al. (2010) hypothesized that the 
outcomes of multiple origins in polyploid species range from a single homogenous species 
to multiple genetically distinct lineages that ultimately form cryptic species, according to 
genetic variations contributed by parent species and the degree of gene flow among 
independent origins. One of the potential mechanism by which allopatric populations of a 
polyploid species develop hybrid inviability was proposed by Werth and Windham (1991). 
They suggested that reciprocal silencing of homeologs between allopolyploid populations 
results in reproductive isolation between populations. Although this mechanism of 
reproductive isolation might arise among the populations that lack genetic differences from 
multiple origins, Soltis et al. (2010) suggested that the populations of independent origins 
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may experience greater effect of the reciprocal silencing because they have distinct genetic 
and cytogenetic signatures, which reflect different genotypes of parental species. In fact, a 
few studies indicated no or limited gene flow among populations of independent origins 
(Perrie et al., 2010; Symonds et al., 2010). For example, Perrie et al. (2010) conducted 
population genetic analysis with AFLP method for allooctoploid Asplenium ferns in New 
Zealand. They found that allopolyploid lineages with independent origins remained 
genetically distinct even with extensive sympatry. They called the phenomenon as “Parallel 
polyploid speciation”. However, whether this process is widespread among allopolyploid 
populations with multiple origins remains unexplored. 
In this thesis, it was indicated that cryptic species had originated from the same 
parental species pair in two different examples. In Asplenium normale, two distinct species, 
cryptic species I (MLG1, 3, 5 and 7) and III (MLG4) were allotetraploids between diploid 
race of A. normale and undetected diploid race of A. boreale, and had independent origins 
(Table 1-3, Fig. 1-6). In Lepisorus nigripes, two cryptic species (East- and West-types), 
which have originated possibly in different refugia in the last glacier period, were 
separately distributed in eastern and western parts of Japanese main land (Fig. 3-1, 3-2) and 
their hybrids proved to be partially sterile (Fig. 3-9). The result that reproductively isolated 
lineages from independent origins were observed in two different polyploid species 
complex, suggested that speciation between allopolyploid populations of independent 
origins may be more common than previously considered.   
As for L. nigripes, its population genetic structure in the Japanese archipelago 
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was consistent with the East-West phylogeographic differentiation pattern, which are often 
observed for both warm temperate evergreen forest tree species and cool temperate 
deciduous forest tree. Given that East- and West-types of L. nigripes originated 
allopatrically at the last glacier period, we need to consider that reproductive isolation 
between East- and West-types have been rapidly developed, namely on the order of tens of 
thousands years. Genetic and epigenetic studies of polyploidy demonstrated that gene 
silencing and chromosome rearrangement immediately occur following polyploidization 
(Kashkush et al., 2002; Kovarik et al., 2005; Hegarty et al., 2006; Chester et al., 2012), 
even within the first few generations in synthesized Brassica polyploid (Gaeta et al., 2007). 
Thus, their reproductive isolations could result from such genetic and/or epigenetic changes, 
as suggested in Werth and Windham (1991), although detecting genetic changes underlying 
reproductive isolations is needed.  
In both polyploid species, each cryptic species also included some independent 
origins (two origins in cryptic species I of A. normale, four and five origins in east type and 
west type of L. nigripes, respectively). Although some of these different origins might 
reflect reproductively isolated lineages respectively, in L. nigripes, heterozygous 
individuals within each type including individuals apparently produced through 
hybridization between independent origins showed high fertilities to the same extent as 
those of homozygous individuals. This result suggested that independent origins per se did 
not contributed to the development of reproductive isolation, but rather, allopatric 
formation and distinct genetic contribution from parental species as consequence of 
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independent origins could be responsible for speciation between allopolyploid lineages of 
independent origin, consistent with hypothesis in Symonds et al. (2010).   
Based on our results, it is possible that polyploid species with wide distribution 
and high genetic diversity contributed via independent origins could harbor reproductively 
isolated lineages. Therefore, further studies including more different polyploid taxa will be 
needed. 
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